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GENERAL INTRODUCTION 


American Chemical Society’s Series of 
Chemical Monographs 

By arrangement with the Interallied Conference of Pure and Ap- 
plied Chemistry, which met in London and Brussels in July, 1919, the 
American Chemical Society was to undertake the production and 
publication of Scientific and Technologic Monographs on chemical 
subjects. At the same time it was agreed that the National Research 
Council, in cooperation with the American Chemical Society and the 
American Physical Society, should undertake the production and 
publication of Critical Tables of Chemical and Physical Constants. 
The American Chemical Society and the National Research Council 
mutually agreed to care for these two fields of chemical progress. 
The American Chemical Society named as Trustees, to make the 
necessary arrangements of the publication of the Monographs, 
Charles L. Parsons, secretary of the Society, Washington, D. C.; the 
late John E. Teeple, then treasurer of the Society, New York; and 
the late Professor Gellert Alleman of Swarthmore College. The 
Trustees arranged for the publication of the ACS Series of (a) 
Scientific and (b) Technological Monographs by the Chemical Cata- 
log Company, Inc. (Reinhold Publishing Corporation, successor) 
of New York. 

The Council of the American Chemical Society, acting through 
its Committee on National Policy, appointed editors (the present 
list of whom appears at the close of this sketch) to select authors of 
competent authority in their respective fields and to consider criti- 
cally the manuscripts submitted. 

The first Monograph of the Series appeared in 1921. After 
twenty-three years of experience certain modifications of general 
policy were indicated. In the beginning there still remained from 
the preceding five decades a distinct though arbitrary differentiation 
between so-called ‘'pure science” publications and technologic or 
applied science literature. By 1944 this differentiation was fast 
becoming nebulous. Research in private enterprise had grown 
apace and not a little of it was pursued on the frontiers of knowledge. 
Furthermore, most workers in the sciences were coming to see the 
artificiality of the separation. The methods of both groups of 
workers are the same. They employ the same instrumentalities, 
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and frankly recognize that their objectives are common, namely, 
the search for new knowledge for the service of man. The officers 
of the Society therefore combined the two editorial Boards in a single 
Board of twelve representative members. 

Also in the beginning of the Series, it seemed expedient to construe 
rather broadly the definition of a Monograph. Needs of workers 
had to be recognized. Consequently among the first hundred Mono- 
graphs appeared works in the form of treatises covering in some in- 
stances rather broad areas. Because such necessary works do not 
now want for publishers, it is considered advisable to hew more 
strictly to the line of the Monograph character, which means more 
complete and critical treatment of relatively restricted areas, and, 
where a broader field needs coverage, to subdivide it into logical sub- 
areas. The prodigious expansion of new knowledge makes such a 
change desirable. 

These Monographs are intended to serve two principal purposes: 
first, to make available to chemists a thorough treatment of a se- 
lected area in form usable by persons working in more or less un- 
related fields to the end that they may correlate their own work with 
a larger area of physical science discipline; second, to stimulate fur- 
ther research in the specific field treated. To implement this pur- 
pose the authors of Monographs are expected to give extended 
references to the literature. Where the literature is of such volume 
that a complete bibliography is impracticable, the authors are ex- 
pected to append a list of references critically selected on the basis 
of their relative importance and significance. 
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PREFACE 

The great advances made in the manufacture of phosphorus, phosphoric 
acid and phosphate products since the first edition of this book was pub- 
lished in 1927 have made it necessary to expand and largely rewjite most 
of the chapters. 

So many new and improved processes and products of phosphoric acid 
have been developed within and without the fertilizer industry that the 
writer felt it desirable to sohcit the collaboration of competent authorities 
who were more familiar than he with certain phases of this broad subject. 
The author is deeply grateful to these collaborators whose names appear 
on the individual chapters prepared by them. 

This book is designed to be a standard work of reference for those either 
engaged in, or contemplating the manufacture of phosphate products. It 
is hoped, however, that it will be useful not only to the highly trained 
technical man engaged in research and development, but also to plant 
superintendents and foremen responsible directly for the effective mining 
and recovery of phosphate rock and the manufacture therefrom of the 
numerous products that play such an important role in our national 
economy. 

William H. Waggaman 

Alexandnaj Virginia 

May, 1952 
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1. Introduction 

Wm. H. Waggaman 

Senior Mineral Technologist, Bureau oj Mines, U. S. Dept, of Interior 

Phosphoric acid has always played an essential part in many natural 
phenomena, particularly in the life of animals and plants. With the in- 
crease in the manufacture and use of artificial fertilizers it became a highly 
important commercial factor, and now that new improved methods have 
been developed for its more economic production, a much wider field is 
opening up for its industrial application. In fact it has in part displaced 
sulfuric acid for a number of purposes which require large tonnages of this 
universally used reagent. 

Nearly all natural and industrial processes are dependent upon carbonic, 
sulfuric, nitric, hydrochloric and phosphoric acids and the several acids 
of silica. Either one or more of these relatively simple acids are essential 
constituents of the vast number of rocks and minerals which constitute the 
earth^s crust. Through their chemical activity the alteration of minerals 
and the concentration of ore bodies are in part effected. Most of them play 
a major role in the cycle of life and death through the medium of which 
innumerable organic compounds are built up and again broken down. 
Finally the arts and industries as practiced by man, through which are 
evolved the manufactured products so essential to the maintenance and 
advance of civilization, could not be continued unless adequate supplies 
of these simple inorganic compounds were available. 

Sulfuric acid and the acids of silica have so far proved to be the cheapest 
available for industrial use, and though they function under widely differ- 
ent conditions (the former being effective at relatively low temperatures 
and the latter only at high heat) they play more important roles in manu- 
facturing processes than any of the other acids mentioned above. 

The production of all modern structural materials, with the exception of 
gypsum, limestone and timber, whether they are of steel, copper, cement, 
clay or glass, is dependent upon the acids of silica. The manufacture of 
the bulk of our fertilizer materials and the refining and purification of 
innumerable finished products are brought about by sulfuric acid; in fact, 
all the other important inorganic acids have been or may be produced 
through the agency of sulfuric acid. 

There is no possibility of any acid being substituted for the acids of 

1 ' , . 
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sOica in most of their industrial applications since silica is either a con- 
stituent part of the products sought (such as cement, glass, tile, brick, 
etc.) or is present in the raw material (metalliferous ores) as an impurity 
which can only be removed by taking advantage of its acid properties. 

The case of sulfuric acid, however, is quite different. The chemical ac- 
tivity of this reagent is frequently more important than the product of 
■ which it becomes a constituent part, and in many instances after the acid 

has been partly or wholly neutralized the sulfate radical of the salt or 
compound formed is relatively valueless or serves only as a carrier of a 
}! marketable ingredient. Now that other mineral acids (such as nitric and 

1 phosphoric) which form salts of high commercial value can be produced 

! at a cost materially lower than was thought possible in the past, they can 

I be substituted for sulfuric acid for a number of industrial purposes. The 

! end products thus obtained are much enhanced in value, 

i Intense investigations on thermal methods of producing phosphoric acid, 

i and the actual commercial development of these processes during the past 

25 years, have given this acid a far more important role in the industries. 
It has. actually displaced, for certain purposes, large tonnages of sulfuric 
acid, long considered the most economical reagent which could be employed. 

Historical 

The practice of using phosphatic materials as fertilizers goes back so 
far that there is no record of when and where they were first used. The 
I dung of birds was used by the Carthaginians, over 200 years B.C., and 

cato and Columella^^, the earliest of agricultural writers, highly recom- 
mended the use of pigeon’s dung for meadows, corn lands, and gardens, 
i The use of bones, fish, and guano was also a very ancient practice. Althou^ 

f the last mentioned material was not introduced into Europe until 1839®^, 

I it was used by the Incas of Peru®, long before the Spaniards conquered 

I that country and was so highly prized that it was a capital offense to kill 

the young birds on the guano islands. The effectiveness of dung was at- 
tributed by Palissy^^ in 1550 to the soluble salts which it contained. 

While these three fertilizer materials were for many years the woiid’s 

i chief source of phosphoric acid, the nature of this compound was not dis- 

covered until long after the isolation and recognition of elemental phos- 
phorus. This element was first prepared in 1669 by Brandt^®, an alchemist 
i of Hamburg, Germany, in his search for the philosopher’s stone. He 

' evaporated large quantities of urine and obtained a substance luminous 

I in the dark to which he named phosphorus. 

Boyle^^ was the first to prepare phosphoric acid. In 1694, he reported 
; that the action of water on the products of burning phosphorus yielded a 

liquid with acid properties. Shortly afterward, other investigators pre- 
i pared this acid, but the determination of the elemental nature of phos- 
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phorus and the composition of phosphoric anhydride P 2 O 6 are credited to 
Lavoisier^^ 

Gahn^, a Swedish chemistj apparently discovered that phosphorus is 
an essential constituent of the bones of men and animals (1769). Ten years 
later (1779) this same investigator found phosphorus in the mineral kind- 
dom as lead phosphate (pyromorphite). 

In 1775 Scheele^® published a description of a method of producing 
phosphorus consisting in dissolving bones with nitric acid, precipitating 
out the lime with sulfuric acid, mixing the concentrated solution with 
charcoal, and heating the mass out of contact with air. 

Guano and bones continued to be the main sources of phosphorus and 
phosphoric acid until after the middle of the nineteenth century. It is 
stated that the use of bones w^as so great in England during the early 
eighties that the battlefields on the Continent of Europe were turned by to 
supply Great Britain’s demand for phosphates. In 1840 the Duke of 
Richmond^® stated that the fertilizer value of bones was due not to the 
gelatin and fat but to the phosphoric acid which they contained; in the 
same year Liebig^^ suggested dissolving bones with sulfuric acid to render 
the phosphoric acid contained therein more soluble and available to crops. 
The treatment of bone ash with sulfuric acid is the subject of a British 
patent issued to John B. Lawes^® in 1842. 

This discovery marked the beginning of the immense superphosphate 
industry which is the basis of the fertilizer business in this country. Soon 
after this epoch-making practice was introduced, low grade mineral phos- 
phates known as coprolites were developed in England®. Four to seven 
years later (1849-1852) low grade deposits of this mineral were recognized 
in several departments in France. The direct use of these mineral phos- 
phates in a finely ground condition on the soil was advocated by Elie 
de Beaumont in 1856®, but Liebig pointed out in 1857 that such phosphates 
could be dissolved with sulfuric acid just as readily as bone and thus 
rendered more efficient for agricultural purposes. This process was taken 
up so eagerly that five years later (1862) the annual production of super- 
phosphates in England had reached 200,000 tons. 

Phosphate baking powders were introduced into the United States at an 
early date, and a patent issued to E. N. Horsford^ claims a substitute 
for tartaric acid in such products. The inventor called this substitute 
Pulverulent Phosphoric Acid, but his description of the method by which 
it was prepared shows it was actually impure monocalcium phosphate 
mixed with either flour or starch. ’ 

Forty years ago phosphoric acid in baking powders was derived almost 
entirely from bones, but with improvements in methods of purification 
and the commercial development of pyrolytic processes of producing this 
acid, phosphate rock became the main raw material used for this purpose. 
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Since 1867, when phosphate rock was first developed in South Carolina^®, 
the United States has been the foremost phosphate-producing nation in 
the world, not only supplying its own agricultural demands but a large 
proportion of the requirements of certain European and Asiatic countries. 

In 1877 two Englishmen, Thomas and Gilchrist^^ developed a process 
in which phosphatic iron ores, up to that time considered of relatively 
little value, could be used in the production of steel low in phosphorus 
by causing this element to enter a highly basic slag. The phosphorus in 
this slag, while not in a water-soluble form, was found to be readily available 
to plants and quite effective in increasing crop yields. This discovery 
placed another large source of phosphoric acid at the disposal of the 
fanner, and several of the more progressive nations of Europe have been 
depending on basic slag to supply a substantial proportion of their agri- 
cultural demands for this fertilizer ingredient. 

The effectiveness in the field of such slightly soluble materials as bones 
and basic slag led in the search for methods of determining the availability 
of these materials in the laboratory. As a result certain conventional test 
solutions have been established which are intended to approximate the 
solubility effect of the soil waters; the commercial values of phosphates 
are to a large extent based upon their complying with these tests. These 
regulations, coupled with the fact that a certain amount of prejudice exists 
toward fertilizers of an acid nature, have encouraged investigators to study 
other methods of treating phosphate rock besides that of rendering it soluble 
with the aid of sulfuric acid, but up to the present few have been commer- 
cially successful. A number of such typical schemes are discussed later 
and complete classified lists of these processes patented in the United States 
are given in the Tables of the Appendix. 

Elemental Phosphorus, Oxides of Phosphorus and the Acids of 

Phosphorus 

While this treatise deals chiefly with orthophosphoric acid and its com- 
pounds, the orthophosphates, certain derivatives of this acid are closely 
related thereto and play important roles in the laboratory, the factory, and 
in many industrial products. It is necessary, therefore, to devote some space 
to the occurrence, properties, and methods of preparing elemental phos- 
phorus and its various other oxides and acids. 

Phosphorus 

This element; though widely distributed in nature, is never found in a 
free or uncombined state because of its great affinity for oxygen. With 
one or two minor exceptions®^, it exists in the mineral kingdom only in 
the form of phosphates, of which a large number have been identified. 

As ordinarily prepared elemental phosphorus is a white or pale yeHow 
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wax-like substance which becomes brownish yellow on exposure to light 
due to the formation of some red phosphorus. It has a specific gravity of 
1.83, a melting point of 44.4''C and a boiling point of 287°C. It is insoluble 
in water but dissolves readily in carbon disulfide (18 to 1 ) from which 
it crystallizes in rhombic dodecahedra; it is also very soluble in the halogen 
compounds of phosphorus and slightly soluble in alcohol, ether, benzene, 
xylene, methyl iodide, glycerine, acetic acid and fused stearic acid. Phos- 
phorus is luminous in the dark, possibly due to the formation of hydrogen 
phosphide (PHg) which oxidizes in air. Other authorities explain phos- 
phorescence on the basis that a preliminary oxidation of P to P 2 O 3 takes 
place, the latter compound being oxidized further with simultaneous pro- 
duction of ozone and the surrounding air becoming ionized. This phe- 
nomenon of phosphorescence, however, is regarded by others as very 
complex. Even moist phosphorus oxidizes in air, evolving white fumes of 
phosphorous and phosphoric acids and phosphorus pentoxide. At slightly 
elevated temperatures, or when finely divided, it takes fire spontaneously 
in air, burning to phosphorus pentoxide. Molinari^®, however, states that 
it does not oxidize and may be distilled in pure dry oxygen. The element is 
a powerful reducing agent. 

White or yellow phosphorus is very poisonous, 0.1 gram being sufficient 
to cause death. Post mortems have shown that the element is absorbed in 
the liver (which is distended) and in the blood. The chronic disease con- 
tracted by those who work in factories where yellow phosphorus is ex- 
tensively used is known as necrosis of the bones, especially of the teeth 
and jaw. This disease was formerly quite prevalent among employees of 
match factories before the use of yellow phosphorus in matches was pro- 
hibited by law. 

Phosphorus was first prepared in commercial quantities from bones and 
bone ash. Briefly, the method consisted in treating calcined or degelatinized 
bone with sulfuric acid, filtering or decanting off the solution of phosphoric 
acid or monocalcium phosphate from the gypsum, evaporating the solution 
to a specific gravity of 1.45, mixing it with 20 per cent of charcoal or coke, 
and again heating in shallow pans until the mass contained not, over 6 per 
cent moisture. This mixture was then placed in terra cotta retorts, which 
were introduced into a suitable furnace and heated to redness for 24 hours, 
and then to a white heat for 48 hours. The phosphorus distilled off was 
collected under water and subsequently purified by redistilUng. 

This method of making phosphorus was cumbersome and costly and gave 
relatively low yields. It has been entirely supplanted by the electric furnace 
and blast furnace processes in which intimate mixtures of raw phosphate 
rock, silica and carbon (coke) are smelted directly under reducing condi- 
tions. Not only do these methods render the use of sulfuric acid unnecessary , 
but the processes are continuous and the yields obtained are much higher. 
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These thermal processes are now used successfully in the manufacture of 
phosphoric acid. They are discussed in detail in Chapter 10. Two allotropic 
forms of phosphorus are known, namely, black and red phosphorus. They 
are denser and have lower specific heats than the white variety. Black 
phosphorus is obtained by crystallization of the element from solution in 
molten metal, or by heating red phosphorus for a long period at 360^0 
in sealed tubes. This form of phosphorus is quite dense (specific gravity 
2.69) and according to Mellor^^ is very stable. It has little or no commercial 
significance and some authorities doubt the existence of this allotropic 
form. 

Bed, or so-called amorphous phosphorus, discovered by Schrotter in 
1845, and later found to really crystallize in the hexagonal system, is 
formed by exposing yellow phosphorus to light for a long period, or by pro- 
longed heating at 250®C out of contact with air. This variety has a specific 
gravity of 2,3, a melting point (under pressure) of 725°C, is not phosphores- 
cent, does not alter in air, is nonpoisonous and is not readily set on fire 
by friction; in fact it is not combustible imtil heated to a temperature of 
200°C. Advantage is taken of the nonpoisonous character of red phosphorus 
in industry and it is now substituted for the yellow variety in a number of 
commercial operations. 

Oxides of Phosphorus 

There are four oxides of phosphorus, namely, phosphorus suboxide (P4O), 
phosphorous oxide (P4O6), phosphorus tetroxide (P2O4) and phosphoric 
pentoxide (PgOg). Only two of these oxides, however, have much stability 
or importance commercially. 

Phosphorus Suhoxide (P4O) has only been made as an interesting labora- 
tory experiment. The usual method of preparation consists in dissolving 
yellow phosphorus in an alcoholic solution of potassium hydroxide. Hy- 
drogen and phosphine are thus evolved and a bright red liquid remaps 
which when acidified deposits a gelatinous mass composed mainly of P4O. 
On filtering and repeatedly freezing, this oxide may be obtained in a rela- 
tively pure state as an orange-colored hygroscopic substance which readily 
burns to the higher oxides of phosphorus. 

Phosphorus Oxide or Phosphorous Anhydride (P4O6) is obtained when 
yellow phosphorus is gently heated in a limited amount of dry air. 

Pi +302->P406 

A certain amount of phosphoric anhydride (P2OB) is also formed at the 
same time but the former oxide, being more volatile than the latter, may 
be readily separated by sublimation. 

Phosphorous oxide possesses a peculiar phosphorus-like odor. It forms 
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white crystals which run together into a wax-like mass melting at 22.5°C. 
It sublimes readily and boils out of contact with air at 173°C. Its vapor 
density shows its formula to be P4O6 and not P2O3 as formerly supposed 
and even now often expressed in writing chemical reactions involving its 
use. When dissolved in cold water phosphorous oxide forms a mixture of 
metaphosphorous acid (HPO2) and phosphorous acid (H3PO3). With hot 
water it produces red phosphorus and orthophosphoric acid (H3PO4). Phos- 
phorous oxide oxidizes very readily, catching fire in air and burning to P2O5. 

Phosphorus Tetroxide (P2O4). By heating phosphorous oxide (P4O6) to 
400 °C phosphorus tetroxide (P2O4) and red phosphorus are produced. 

4P4O6 — ^ 6P2O4 4 * P4 

The tetroxide of phosphorus forms transparent crystals which react 
with water producing phosphorous and orthophosphoric acids. This oxide 
may be regarded as a mixture of phosphorous and phosphoric anhydrides 
just as nitrogen tetroxide (N2O4) is considered a mixture of nitrous and 
nitric oxides. 

Phosphorus Pentoxide or Phosphoric Anhydride (P2O6) is the final prod- 
uct formed by the complete oxidation of phosphorus. It is the most im- 
portant of the oxides of phosphorus and the most readily produced since 
all of the lower oxides tend to change over into this compound in the 
presence of air or other oxidizing media. 

Phosphorus pentoxide is known in two modifications; the first is a crystal- 
line product which sublimes at 250®C and when heated above this tem- 
perature is transformed into the second type, which is a soft white amor- 
phous powder volatilizing only at red heat. Phosphoric anhydride is 
extremely hygroscopic so that it deliquesces in air and therefore must 
be stored and shipped in hermetically-sealed containers. Advantage is 
taken of its hygroscopic properties in the chemical laboratory where it 
is very useful as a desiccating agent. 

Phosphoric anhydride dissolves in water with a hissing sound and evolu- 
tion of heat, being converted successively and quickly into meta-, pyro-, 
and finally into orthophosphoric acid, the most important and useful of 
the oxyacids of phosphorus. 

In stating the grade of various phosphatic materials used in the arts 
and industries the value is usually expressed in terms of P 2 O 5 and hence 
this product is commonly though erroneously known as phosphoric acid. 

The Acids of Phosphorus 

There are eight known acids of phosphorus, five of which are formed 
by the combination of phosphorous and phosphoric anhydrides with definite 
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quantities of water, as shown in the following equations: 

P4O6 + 2H2O = 4HPO2 = Metaphosphorous acid ( 1 ) 

P4O6 + 6H2O = 4H3PO3 = Phosphorous acid ( 2 ) 

P2O5 + H2O = 2HPO3 = Metaphosphoric acid ( 3 ) 

PaOs 4 - 2H2O = H4P2O7 = Pyrophosphoric acid ( 4 ) 

PaOs 4 - 3H2O =* 2H3PO4 = Orthophosphoric acid ( 5 ) 


The other three acids of phosphorus, namely, hypophosphorous, pyro- 
phosphorous and hypophosphoric acid, are not ordinarily prepared by the 
interaction of water and the oxides of phosphorus. 

—OH 

Hypophosphorous Acid (H3PO2) or 0 :P — H is formed by heating a con- 

— H 

centrated solution of sodium hydroxide, lime, or barium hydroxide with 
white phosphorus. Phosphine and the alkali or alkaline earth hypophos- 
phite is formed according to the following equation : 

4P2 + 3Ba(OH)2 4- 6H2O 3Ba(P02H2)2 + 2PH3 

By treating the purified barium salt with sulfuric acid and filtering, free 
hypophosphorous acid is obtained, which can be concentrated under re- 
duced pressure to a syrupy consistency and even to the point where it 
crystallizes in white scales. At elevated temperatures hypophosphorous 
acid decomposes into phosphine and phosphoric acid. Hypophosphorous 
acid and the hypophosphites have a strong affinity for oxygen and hence 
are powerful reducing agents. Hypophosphorous acid reduces sulfuric acid 
to sulfur dioxide and the latter gas to elemental sulfur. It also separates 
such metals as gold, silver and mercury from certain of their salts, and 
thus has a distinct commercial value. The hypophosphites, even those of 
the heavy metals, are soluble in water but are not very stable, readily 
changing over to the more highly oxidized phosphites and phosphates. 

Metaphosphorous Acid (HPO2) or 0 :P— OH is formed in slender crystals 
by the partial oxidation of phosphine under reduced pressure according 
to the following equation: 

PHs + O2 H2 + HPO2 

It is also obtained by the interaction of phosphorous anhydride and a 
limited amount of water as shown in Equation ( 1 ). 

Like the other partially oxidized acids of phosphorus it is rather un- 
stable, going over to phosphorous and phosphoric acids oh exposure to 
air or water. Metaphosphorous acid is of no commercial significance. 

OH OH 


Pyrophosphorous Acid (H4P2O6) or 


P— 0 — P 


is obtained 
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by continuously agitating a mixture of phosphorus trichloride (PCI 3 ) and 
phosphorous acid (H 3 PO 3 ) for about 5 hours, keeping the mixture at a 
temperature of 30 to 40®C. This acid forms needle-like crystals which melt 
at 38°C and decompose in water to form phosphorous and phosphoric 
acids. Although pyrophosphorous acid and certain pyrophosphites have 
been made in the laboratory they have no industrial application. 

OH OH 

V 

Phosphorous Acid (H 3 PO 3 ) or P is formed along with phos- 

OH 

phoric and hypophosphoric acids by the slow oxidation of phosphorus in 
moist air. It can be prepared more conveniently in the laboratory by 
adding phosphorus trichloride to water, taking care to keep the solution 
cool: 

PCI3 - 1 - 3H2O -f H3PO3 + 3 HC 1 


On evaporating this solution in vacuum, hydrochloric acid is evolved and 
a colorless crystalline hygroscopic mass of phosphorous acid is obtained 
which melts at 71 °C, but is decomposed at higher temperatures into phos- 
phoric acid and phosphine (PH 3 ). 

The tendency of phosphorous acid to oxidize to phosphoric makes it a 
strong reducing agent though not as energetic in this regard as hypophos- 
phorous acid. The salts of phosphorous acid (phosphites) differ from the 
hypophosphites in not being oxidized in air. Phosphorous acid is dibasic, 
forming two series of salts. 

OH 0 OH 


Hypophosphoric Acid (H4P2O6) or 

OH^ OH 

sidered a product formed by the extraction of water from one molecule 
of phosphoric acid and one molecule of phosphorous acid: 


H3PO4I 

} - H2O H4P2OG 

HaPOsj 


It is actually produced, however, along with phosphorous and ortho- 
phosphoric acids by the slow oxidation of phosphorus in moist air. By neu- 
tralizing the mixture of acids thus obtained with NaOH, sodium hypophos- 
phite (Na2H2p2G66H20) crystallizes out of solution and may be used as 
the source of the free acid. With a solution of barium chloride, barium 
hypophosphite is precipitated and on treating this with dilute sulfuric acid, 
and filtering, hypophosphoric acid may be isolated, concentrated and finally 
crystallized at temperatures belov’' 30 °C. At 70 °C this compound decom- 
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poses into phosphorous and phosphoric acids. The hypophosphates are 
used to a considerable extent in medicinal preparations. 

OH 00 OH 

\ / \ / 

P3?Tophosplioric Acid (H4P2O7) or formed 

OH^ ^0^ OH 

by heating orthophosphoric acid above 210®C, driving off water: 

2H8PO4 - H2O H4P2O7 

A certain amount of metaphosphoric acid is also formed at the same time. 
In order to prepare pyrophosphoric acid in a pure state it is customary to 
heat disodium phosphate until it is changed over into pyrophosphate, then 
to dissolve this salt in water and precipitate with a soluble lead compound. 
The lead in turn is precipitated with H 2 S and the solution filtered off and 
concentrated in vacuum until a white crystalline mass of pyrophosphoric 
acid is obtained. On addition of water it readily goes back to phosphoric 
acid. Pyrophosphoric acid is tetrabasic but only two series of salts are 
known, namely, the di- and tetrabasic. These are quite stable and have some 
industrial significance. 

0 

II 

Metaphosphoric Acid (HPO3) or P — OH. If pyrophosphoric acid is heated 

0 

to redness water is driven off and metaphosphoric acid is formed: 
H4P2O7 - H2O 2HPO3 

This compound may also be obtained by adding the theoretical quantity 
of water to phosphoric anhydride: 

P2O6 + H2O 2 HPO, 

Metaphosphoric acid is a transparent glassy mass which melts at 61 ®G 
and sublimes at white heat without decomposition. It is the most stable 
of the oxyacids of phosphorus at high temperatures, but goes back to ortho- 
phosphoric acid when dissolved in water or^ exposed to atmosphere. The 
salts of metaphosphoric acid (metaphosphates) are formed by driving off 
water from the primary phosphates. On heating these compounds with 
water, the reverse reaction gradually takes place and orthophosphates 
are again produced. 

Metaphosphoric acid however forms a number of salts which have the 
same percentage composition, but differ markedly in their properties. 
These are termed polymetaphosphates and are assumed to be derived from 
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a series of acids that are multiples of metaphosphoric acid. While these 
polymetaphosphoric acids themselves have not been isolated, the following 
is a typical series of polymetaphosphates claimed to have been prepared. 


NaPOs 

KaPaOe 

NaaPaOs 

Pb2P40i2 

(NH4)6P60i6 

NaePeOis 


Sodium metaphosphate 

Potassium dimetaphosphate 

Sodium trimetaphosphate 

Lead tetrametaphosphate 

Ammonium pentametaphosphate (doubtful) 

Sodium hexametaphosphate (doubtful) 


Some of these polymetaphosphates have now assumed great commercial 
significance as ingredients of fertilizers^' detergents^- lubricants^ and 
in drilling muds^ 

OH 

I 

Orthophosphoric Acid (H3PO4) or OH — — OH, in combination with 

II 

0 

lime, is widely distributed in nature. The crystalline mineral apatite, of 
which two types (Ca5(P04)3P) and Ca6(P04)3Cl) exist in nature, is found 
as veins in igneous rocks, and from this mineral, no doubt, are derived the 
amorphous phosphates which are concentrated in immense deposits in 
various parts of the world. 

Phosphoric acid is by far the most important of the oxyacids of phos- 
phorus and the orthophosphates are used as a basis in the preparation of 
elemental phosphorus as well as all other phosphorus compounds. 

When free from water, phosphoric acid forms colorless prismatic crystals 
which melt at 386 °C and readily deliquesce in air. As ordinarily prepared, 
however, the acid is a colorless, thick syrupy liquid with strongly acid 
properties, (up to the point where one atom of hydrogen is replaced), 
readily attacking most metals with the evolution of hydrogen and the 
formation of the corresponding phosphate. 

Orthophosphoric acid being tribasic gives rise to three series of salts as 
shown by following reactions: 

Primary salt H3PO4 + NaOH NaHzPOi + H2O 
Secondary salt H3PO4 + 2NaOH — > Na2HP04 + 2H2O 
Tertiary salt H3PO4 + 3NaOH Na3P04 + SHaO 

The tertiary sodium salt gives an alkaline solution, the secondary salt 
a solution which is slightly alkaline, while the primary salt is quite acid-to- 
litmus and phenolphthalein. 

This behavior is due to the hydrolysis of these salts in accordance with 
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the following equations: 

NaH2P04 + H2O NaOH 4 * H8PO4 (1) 

Na2HP04 + 2H2O 2NaOH 4 - H3PO4 (2) 

Na3P04 4 - 3 H 2 O 3NaOH + H3PO4 (3) 

Since sodium hydroxide is a more powerful base than phosphoric acid is 
an acid, solutions of the normal salt act as if an excess of alkali were present, 
while in the case of the secondary salt the greater strength of the base is 
offset by the fact that the proportion of acid-hydrogen-to-base in the j 

hydrolized solution is in the ratio of 3 to 2. Finally in the primary salts the 
relation of acid hydrogen to base is 3 to 1, which results in solutions dis- 
tinctly acid in nature. 

When heated to 300 to 400°C water is evolved and orthophosphoric acid 
is converted into pyrophosphoric acid (H4P2O7). If the temperature is 
carried to 400°C a further quantity of water is driven off and the whole 
is converted into a vitreous mass of metaphosphoric acid (HPO3). i 

Orthophosphoric acid may be prepared in the laboratory by dissolving * 

phosphoric anhydride in hot water: 

P2O5 4 3H2O 2H3PO4 

or by decomposing phosphorus pentachloride in water: ; 

pels + 4H2O H 3 PO 4 4 - 5HC1 ' 

It is prepared industrially either by the action of sulfuric acid on bones 
or phosphate rock, or by heating mixtures of natural phosphates and 
silica under reducing conditions, burning the resulting elemental phosphorus 
to phosphorus pentoxide and hydrating this compound with water or steam. ^ 

The commercial methods of preparation are discussed in Chapters 10 

and 11. I 

Monobasic salts of orthophosphoric acid on heating lose water of con- 
stitution and are converted first into acid pyrophosphates and finally 
into metaphosphates: 

CaH4(P04)2 4 " Heat CaHaPaO^ 4 - H2O ( 1 ) 

I 

CaH2P207 4 Heat Ga(P03)2 4 H2O ( 2 ) 

Dibasic salts of orthophosphoric acid at high temperatures also lose 
water and are converted into normal pyrophosphates: 

2CaHP04 4 Heat — ^ C&2P2O7 4 H2O ( 3 ) 

Tribasic phosphate salts undergo no change, in composition when highly 
heated. . 

Phosphoric acid and its compounds have a wide application in the arts 



INTRODUCTION 


13 


and industries, but the greatest use is in the production of phosphatic 
fertilizers^' \ 

Phosphoric Acid Terminology 

The term phosphoric acid unfortunately has been, and still is used very 
loosely. As pointed out previously, there are at least four acids of phos- 
phorus wherein this element is present in a fully oxidized state (hypophos- 
phoric acid, metaphosphoric acid, pyrophosphoric acid and orthophosphoric 
acid), therefore, unless the particular acid of phosphonis is designated by a 
suitable prefix the term phosphoric acid in a strict chemical sense is en- 
tirely inadequate to express its composition. 

In the fertilizer industry the term phosphoric acid refers to phosphorus 
pent oxide (P2O5). This is the unit in which the phosphorus content of the 
wide variety of organic and inorganic materials entering into the manufac- 
ture of fertilizers is officially expressed. 

To the chemical manufacturer and distributor phosphoric acid means 
orthophosphosphoric acid and since this is the most useful, widely used 
and readily produced acid of phosphorus it is customary to drop the prefix 
when referring to this compound. 

As a convenient common demoninator, however, the strengths of ortho- 
phosphoric acid as well as analyses of phosphate rocks and fertilizers are 
usually expressed in terms of P2O5. 
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2. Phosphoric Acid in Animal and 
Plant Life 

Wm. H. Waggaman 

Senior Mineral Technologist^ Bureau of Mines, U, S. Dept, of Interior 

Whereas this book is chiefly devoted to the sources of phosphoric acid 
and the methods of preparing it and its various compounds for agricultural 
and industrial purposes, the role that phosphoric acid plays in the life 
cycle of animals and plants is of the utmost concern to man. 

A complete discussion of this broad subject is not within the scope of 
this book, but it seems fitting to give a brief resume of the vital part that 
phosphoric acid and its derivatives have in animal and plant metabolism. 

Phosphoeic Acid in Animal Metabolism 

The term animal metabolism in the broader sense of the word may be 
used to designate the chemical changes taking place in the utilization of 
food by man and animals in the life process. The products of metabolism, 
therefore, include not only those absorbed in building up the animal body 
but those contained in the solid, liquid and gaseous excreta. 

Metabolism includes two distinct processes, namely, anabolism by which 
simple molecules are built up into more complex organic compounds, and 
katabolism whereby the more complex compounds are broken down into 
simpler molecules. Since the life process is one of continual oxidation the 
greater tendency is toward the formation of the less complex products. 

Metabolism, however, is not a simple oxidation or burning process but - 
takes place in gradual steps in the nature of cleavages and hydrations and it 
is the products of these changes which unite directly with oxygen. 

The role of phosphorus in animal metabolism has been so well handled 
by Forbes and Keith® (who include in their book a very complete list of 
references on various phases of the subject) that only a brief summary of 
some of the more important points is included here. For details, the reader 
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is referred to the carefully prepared and excellent monograph by the authors 
mentioned above. 

Since phosphorus in both organic and inorganic combination is an es- 
sential constituent of the bones, brain, blood, and tissue of men and animals, 
an adequate diet must contain sufficient quantities of this element to 
permit normal growth in the young and maintain the health and strength 
of the adult. 

According to Forbes and Keith® the phosphorus in both animal and 
vegetable matter is in a highly oxidized condition and probably exists in 
the form of organic and inorganic compounds of orthophosphoric acid. 
They conclude, therefore, that there is probably no significant change in 
the state of oxidation of phosphorus during metabolism, although Heffter^^ 
observed some capacity of animals to oxidize the less completely oxidized 
phosphorus compounds. 

Gilbert and Pasternak^ sum up the total P 2 O 6 content of the human body 
as being 30 to 40 grams at birth and about 1,600 grams at middle age. Of 
this amount 1,400 grams are contained in the bones, 130 grams in the 
muscles, 12 grams in the brain, 10 grams in the liver, 6 grams in the lungs 
and about 4 in the blood. 

Table 1, compiled by Beaunis, and quoted by Forbes and Keith® gives 
the ash analyses of various animal tissues and products. The prominence 
of phosphoric acid in bone, muscle, brain and liver is very marked, being 
approximately 50 per cent of the ash of these parts. 

The Coris and their co-workers® detected the presence of complex organic 
phosphates not only in the muscles, but in all animal tissues which con- 
tain glycogen. They found the formation of blood sugar in the liver could 
be explained by the conversion of glycogen to glucose-l-phosphate, fol- 
lowed by splitting the latter to glucose and inorganic phosphate by a 
phosphatase present. For their work on metabolic processes and the dis- 
covery of the enzyme phosphorylase which catalyzes the storage and release 
of sugar in the body through a phosphoric acid ester mechanism, the Coris 
were awarded the Nobel Prize in 1946^. The Eli Lilly Award in Biological 
Chemistry was given to Colowick for his work on the same problem^®-. 

While phosphoric acid in both organic and inorganic combination is a 
constituent part of the animal body, this compound apparently performs 
certain other necessary functions in the life process independent of its 
absorption and retention by the bones, organs and tissues. 

Loeb^® conducted certain experiments on dogs which indicated that 
phosphorus is utilized in the preparation of the digestive juices. Such phos- 
phorus may subsequently be almost entirely excreted and thus be utilized 
only indirectly in the building up or maintenance of the animaPs health 
and strength. 
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Lob^^ demonstrated that phosphates play an important part in the di- 
gestion or utilization of sugar, and that glycolysis was favored by the pres- 
ence of phosphate ions. 

Forbes and Keith^ conclude that the available data show that phosphates 
stand in significant relation to the digestion of food and that their excretion 
into the alimentary tract is of necessary consequence. Moreover, the fact 
that both phosphoric and sulfuric acids are prominent among the normal 
products of protein catabolism makes it inevitable that the excreta of man 
and animals contain appreciable quantities of phosphates. 

Another function which phosphates play in the life process is that of 
helping to maintain the body fluids in a neutral or slightly alkaline state. 
According to Henderson^®, the phosphoric acid in such fluids is in the form 


Table 1. Ash Analyses op Various Parts of the Animal Body and Its 
Products (Per Cent) 



Bone 

Calf 

Muscles 

Brain 

i 

1 

Liver 

Limgs 

Blood 

Serum 

Urine 

Milk 

Bile 

Excre- 

ments 

Sodium chloride . . . . ! 


10.59 

4.74 

i 

13.0 

68.81 i 

72.88 

67.26 

10.73 

27.70 

4.63 

Potassium chloride.. 1 









26.33 



Soda 


2.35 

10.69 

14.51 

19.6 1 

4.15 

12.93 

1.33 


36.73 

5.07 

Potash. .... — . — 


34.40 

34.42 

26.23 

1.3 

11.97 

2.95 

13.64 

21.44 

4.80 

6.10 

Lime 

37.58 

1.99 

0.72 

3.61 

1.9 

1.76 

2.28 

1.16 

18.78 

1.43 

26.40 

Magnesia 

1.22 

1.46 

1.23 

0.20 

1.9 

1.12 

0.27 

1.34 

0.87 

0.63 

10.64 

Ferric oxide 




2.74 

3.2 

8.37 

0.26 


0.10 

0.23 

2.60 

Chlorine 




2.58 








Fluorine 

1.66 











Phosphoric acid 

63.31 

48.13 

48.17 

50.18 

48.5 

10.23 

1.73 

11.21 

19.00 

10.45 

36.03 

Sulfuric acid 



0.75 

0.92 

1.4 

1.67 

2.10 


2.64 

6.39 


Carbonic acid 

5.47 





1.19 

4.40 



11.26 


Silicic acid 


0.81 

0.12 

0.27 



0.20 

4.06 


0.36 

3.13 


of mono- and disodium phosphates and mixtures of these salts in solution 
have greater power than any known salts for balancing either one another 
or any acid or base added thereto. He maintains that solutions containing 
these two salts will not exhibit an acid reaction until all of the disodium 
phosphate has been changed to the mono salt and that an alkaline reaction 
can only be obtained by completely converting the mono salt into disodium 
phosphate. 

It has been established beyond question that a diet low in phosphorus 
compounds, or that phosphates fed under conditions which hinder their 
efficient utilization, bring about harmful results. 

White rice, for instance, does not contain as much phosphorus as the 
adult requires, whereas red or unpolished rice contains more than suflScient. 
We store more phosphorus from whole wheat bread than from white bread. 

Young flesh-eating animals suffer malnutrition of the bones if they are 
fed on meat alone. 
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The deposit of caiciuin phosphate in the bones is hindered by inorganic 
acids and acid salts as well as by calcium-precipitating ions other than 
phosphorus. Lime in some form along with phosphoric acid is essential for 
the efficient utilization of phosphorus by men and animals, but McGowan^^ 
says that for optimum utilization of both calcium and phosphorus after 
absorption, they should be supplied by food in which these two elements 
are uncombined with one another. He also states that the most important 
factor controlling absorption of phosphorus and calcium appears to be the 
acidity of the gastric juices. 

Forbes and Keith^, in summing up the relation of common foods to 
animal metabolism, state that protracted feeding of rations poor in both 
phosphorus and lime may seriously weaken the bones, whereas food high 
in these ingredients will greatly strengthen them. These authorities further 
state that while calcium phosphate in the diet does not greatly influence 
gain in body weight it is readily deposited in the bones, especially within 
the narrow spaces, increasing the density and strength of these supporting 
structures. Much time has been devoted to experiments conducted with a 
view to determining the relative eflectiveness of organic and inorganic 
phosphorus in the diet of men and animals. 

The fact that practically all food products (with the exception of eggs) 
contain both organic and inorganic phosphorus, and that bones are largely 
made up of phosphate of lime, led to investigations on the practicability of 
substituting a larger proportion of inorganic and cheaper salts of phosphoric 
acid for the complex and more expensive organic forms contained in certain 
food products. 

While this problem might appear at first to be relatively simple, direct 
experimentation has shown that there are so many factors involved that 
it is difficult to draw very definite conclusions. There never has been an 
unanimous opinion as to the facts. It has never been definitely established 
that organic phosphorus is absolutely essential to animal life, nor is there 
proof that inorganic phosphorus can serve all the purposes for which the 
animal needs this element. 

There is much evidence that with some species organic phosphorus 
compounds are more readily utilized than inorganic forms, but on the other 
hand, it seems likely that the many demonstrations of superior nutritive 
value of organic over inorganic phosphorus compounds have been influenced 
by other beneficial substances (such as vitamins, etc.) associated with them 
in natural foods or contained as impurities in the organic phosphorus com- 
pounds isolated for experimental purposes. Lowe and Steenbock^*^ state 
that inorganic sources of both phosphorus and iron satisfy the body’s need 
for these elements better than organic sources. 

In experiments conducted to determine the relative efficiency of various 
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mineral supplements, Rottensten and Maynard^^ concluded that the phos- 
phorus in dicalcium phosphate, tricalcium phosphate and in bone products 
was all well assimilated. Lantow^® also states that in general monocalcium 
phosphate is a very satisfactory mineral food supplement for range cattle 
and he recommends its use. 

Forbes and Keith® conclude that one point at least has been definitely 
established, namely, that an amount of organic phosphorus in food products 
equal to a very small part of the total is sufficient for growth and reproduc- 
tion, provided the inorganic phosphorus is present in sufficient quantities 
to supply the balance. 


® Table 2. Mineeal Elements of Leguminous Seeds, Nitkogbnous 
CONCENTEATES AND AnIMAL PeODUCTS UsED AS FeED (PaETS 
Pee 100 of Deied Substance) 


Class of Feed 

Potas- 
sium 1 

Sodium 

Calcium 

Magne- 

sium 

Sulfur 

Chlo- 

rine 

Pho^ho- 
rus (Total) 

Phospho- 
rus (In- 
organic) 

Phos- 

phorus 

(Organic) 

Soy beans 

2.095 

0.380 

0.230 

0.244 

0.444 

0.025 

0.649 

0.017 

0.632 

Navy beans 

1.390 

0.086 

0.235 

0.206 

0.224 

0.047 

0.429 

0.088 

0.341 

Cowpeas 

1.636 

0.189 

0 . 117 | 

0.243 

0.280 

0 . 047 i 

0.532 

0.023 

0.509 

Peanuts 

0.061 

0.563 

0.068 

0.180 

0.254 

0.024 

0.399 

0.049 

0.350 

Linseed oil meal 

1.224 

0.282 

0.403 

0.544 

0.455 

0.095 

0.786 



Cottonseed meal 

1.811 

1 0.283 

0.291 

0.599 

0.536 

0.042 

1.479 

0.078 

1.401 

Milk (skim) 

1.272 

0,488 

! 1.336 

0.146 

0.357 

0.953 

0.979 

0.551 

0.428 

Whey 

2.762 

0.459 

0.721 

0.138 

0.139 

1.948 

0.640 

i 0.402 

0.238 

Mutton 

0.624 

0.214 

1 0.006 

0.062 

0.607 

0.235 

0.474 

1 0.230 

0.244 

Eggs 

0.206 

0.389 

0.250 

0.059 

0.762 

0.621 

0.856 

trace 

0.856 

Tankage 

0.601 

1.830 

3.242 

0.159 

0.669 

2.687 

1.789 

i 


Bone flour 

0.065 

0.091 

23.990 

1.160 



14.940 

1 14.940 


Blood (swine) 

1.040 

1.370 

0.031 

0.028 

0.647 

1.200 

0.280 

0.076 

0.204 

Black albumen 

0.027 

1.247 

0.039 

0.011 

0.820 

1.550 

0.122 

0.037 

0.085 


Tables 2 and 3, compiled by Forbes et aL®, give the mineral constituents 
of certain well-known feeds and the percentage of organic and inorganic 
phosphorus which they contain. It will be noted that with the exception of 
milk products (skimmed milk and whey), malt sprouts, peanuts, and bone 
and tankage, organic phosphorus compounds predominate over the in- 
organic forms. 

Unquestionably phosphate of lime is utilized by the young as well as 
the adult animal and certain organic wastes or by-products such as tankage, 
blood, bone, fish and cottonseed meal, all of which contain nitrogen and 
phosphoric acid, are now used extensively as stock and poultry feed. At 
one time such materials were used largely in the preparation of mixed 
fertilizers. However, it is now realized that the protein content of these 
products can be utilized immediately and far more economically by feeding 
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them directly to the animal than by breaking down this protein in the soil 
only to build it up again through the medium of plant life. 

Most of these materials are classed as concentrated stock feeds because 
of their high protein content. From a fertilizer standpoint, however, such 
products are low grade because protein is only valued for its content of 
available phosphoric acid and nitrogen, both of which can be furnished 


Table 3. Mineral Elements of Cereal Products (Parts Per 100 of Dry 

Substance) 


Grain or Its Product 

Potas- 

sium 

Sodium 

Calcium 

Magne- 

sium 

Sulfur 

Chlo- 

rine 

Phospho- 
rus (Total) 

Phospho- 
rus (In- 
organic) 

Phos- 

phorus 

((organic) 

Wheat 

0.690 

0.035 

0.056 

0,142 

0.224 

0.095 

0.425 

0.038 

0.387 

Wheat flour 

0.058 

0.127 

0.022 

0.019 

0.168 

0.081 

0.102 

0.017 

0.085 

Wheat bread 

0.156 

0.583 

0.038 

0.004 

0.198 

0.958 

0.135 

0.043 

0.092 

Wheat bran 

1.464 

0.223 

0.139 

0.590 

0.297 

1.000 

1.233 

0.034 

1.199 

Wheat middlings 

1.147 

0.186 

0.108 

0.430 

0.263 

0.029 

0.984 

0.069 

0.915 

Wheat germ 

0.323 

0.788 

0.078 

0.372 

0.355 

0.0771 

1.147 



Wheat gluten 

0.007 

0.031 

0.085 

0.049 

1.000 

0.055 

0.220 

1 0.037 

0.183 

Red dog flour 

0.425 

0.733 

0.134 

0.324| 

0.285 

0.156 

0.928 

0.098 

0.830 

Corn 

0.396 

0.030 

0.014 

0.126 

0.171 

0.073 

0.303 

0.028 

0.275 

Corn meal 

0.192 

0.113 

0.015 

0.122 

0.122 

0.070 

0.264 

0.019 

0.245 

(bolted) 

Corn bran 

0.410 

‘ 0.000 

0.030 

0.088 

0.124 

0.052 

0.156 

0.031 

0.125 

Pearl hominy 

0.153 

0.000 

0.005 

0.036 

0.182 

0.052 

0.111 

0.019 

0.092 

Gluten feed 

0.272 

0.461 

0.268 

0.239 

0.636 

0.098 

0.589 

0.106 

0.483 

Distillers’ grains 

0.014 

0.154 

0.047 

0.054 

0.509 

0.065 

0.314 

0.056 

0.258 

(corn) 

Distillers’ grains 

0.045 

0.077 

0.142 

0.195 

0.408 

0.028 

0.458 

0.018 

0.440 

(rye) 

Brewers’ grains 

0.185 

0.278 

0.169 

0.172 

0.419 

0.062 

0.503 

0.162 

0.341 

Malt sprouts 

0.219 

1.458 

0,159 

0.194 

0.864 

0.389 

0.746 

0.471 

0.275 

Oats 

0.460 

0.184 

0.112 

0.130 

0.214 

0.077 

0.434 

0.059 

0.375 

Kafir corn 

0.288 

0.066 

0.013 

0,142 

0.186 

0.117 

0.271 

0.012 . 

0.259 

Rice 

0.040 

0.032 

0.009 

0.028 

0.114 

0.040 

0.104 

0.003 

0.101 

Rice polish 

1.279 

0.124 

0.030 

0.741 

0.189 

0.151 

1.684 

0.028 

1.656 


more cheaply by the application of inorganic salts carrying high percentages 
of these ingredients. 

There is very little evidence that inorganic salts of phosphorus, other 
than the orthophosphates; are of value in animal feeds, but steamed and 
degreased bone, dicalcium phosphate, precipitated tricalcium phosphate 
and defluorinated phosphate rock are important and valuable stock food 
supplements. 

The treatment of ensilage with dilute phosphoric acid improves its 
nutrient properties, and partially or fully calcined superphosphate may 
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also be added to organic feed, stuffs. The value of inorganic phosphorus 
from these various sources has been demonstrated by actual and repeated 
experiments, but the fluorine content of such additives should be reduced 
to 0.2 per cent or less to insure that there Avill be no deleterious effect on the 
stock from this latter element. 

The Role of Phosphoric Acid in' Agriculture 

Because phosphoric acid in the main fertilizer element used in American 
agriculture, and the predominating ingredient of nearly all mixed fer- 
tilizers, it is rather popularly supposed that plants require larger quantities 
of phosphoric acid than of either potash or nitrogen. Analyses of the more 
common and extensively grown crops, however, as reported by a number of 
investigators^ 2 ^, show conclusively that such is not the case. 

In Table 4 are given the quantities of nitrogen, phosphoric acid and 
potash which are removed by an aveiage crop of forage, cereals, and cotton. 
An inspection of this Table will show that in every instance, without 
exception, greater quantities of nitrogen and potash than of phosphoric 
acid are removed by the crops listed. 

If we regard the function of phosphates as merely that of supplying 
phosphoric acid duectly to the plant it would seem that fertilizers in which 
available potash and nitrogen predominate should prove much more ef- 
fective in increasing crop yields than those carrying larger proportions of 
phosphoric acid. But when we consider the composition of typical agricul- 
tural soils from many parts of the world in respect to these three fertilizer 
ingredients we find that in the majority of cases their content of phosphoric 
acid is far less than that of potash, and frequently is considerably below 
their nitrogen content^’ Table 5, as given by Van Slyke^®, 

is probably as typical as any of the average composition of good productive 
soils. 

Not only is phosphoric acid more likely to be deficient in agricultural 
soils than either potash or nitrogen, but in commercial fertilizers containing 
rea^'flly soluble phosphates it is a well-known fact that such phosphates 
soon revert in the soil to less soluble compounds of phosphoric acid^’ 25 ^ 
While it is generally conceded that reverted phosphates are still available to 
plants it is hardly to be expected that they would yield soil solutions as 
concentrated with respect to phosphoric acid as the original water-soluble 
salt. 

While it must be admitted that the favorable results obtained after years 
of experience with materials in which phosphoric acid has predominated 
over both potash and nitrogen point strongly to the advisability of using 
fertilizers containing high proportions of P2O5, nevertheless, the extensive 
use of phosphates in this country is due in a large measure to the fact that 
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we have such immense resources of phosphate rock and for many years 
this fertilizer ingredient was cheaper than any other. 

Laboratory, greenhouse, and field studies have shown that while phos- 
phatic fertilizers undoubtedly furnish a certain amount of more quickly 
available phosphoric acid than that already in the soil they also perform a 
number of other important functions having both direct and indirect effects 
upon the soil and the crop. Soluble phosphates favor the rapid development 
of the young seedling by stimulating the growth of their roots, and therefore 
their early application often enables a plant to withstand adverse climatic 
conditions encountered later in the season. It is also generally believed that 
the liberal use of phosphates tends to hasten the early maturity and 
ripening of crops; an effect due to the close relationship which phosphoric 
acid bears to seed productions^’ In climates where the crop season is 
relatively short, and in sections where truck is produced for early market, 
the quick maturity of crops is often the main factor considered and therefore 


Table 5. Peopoetions of Total Niteogen, Phosphoeic Acid, Potash and 
Lime in First Nine Inches of Good Peoductive Soils 


Constituent 

Per Cent 

Lbs in One Acre to a Depth of 9 Inches 

Nitrogen (N) 

0.10 to 0.30 

2,500 to 7,500 

1,750 to 6,250 

25,000 to 50,000 

7,000 to 52,500 

Phosphoric acid (P 2 O 5 ) 

0.07 to 0.25 

Potash (K 2 O) 

1.00 to 2.00 

Lime (CaO) 

0.28 to 2.10 



success may largely depend on the liberal use of readily available phosphatic 
fertilizers. The tendency of phosphoric acid to increase the proportion of 
grain to stalk is one of its most important functions in growing cereal crops. 
This action of phosphoric acid is directly opposite to that of nitrogenous 
fertilizers, which tend to delay maturity and promote the growth of stalk 
and forage at the expense of the fruit. The presence of phosphoric acid is 
also said to be essential for the formation of chlorophyP®. Other effects 
which soluble phosphates have upon the soil, and indirectly upon the crop, 
are altering of the solubility of other soil constituents^- influencing the 
growth of soil bacteria, and nullifying the injurious effect of certain toxic 
organic bodies formed in the soiP®. Also protoplasm, that essential part of 
both animal and vegetable life, can exist only if the plant is supplied with 
sufficient phosphoric acid to enable it to function properly. 

Sauchelli^^ states that investigations conducted on run-down fields in 
France immediately after World War II established that phosphorus de- 
ficiency decreased stooling in cereal grains and therefore decreased the 
yields. Many of the soil types derived from granite had to be sowed to rye 
because they would not support a wheat crop. The results of these invest!- 
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gations conducted by various French scientific societies to determine the 
deleterious effect of phosphorus deficient crops showed that inadequate 
quantities of phosphatic fertilizers during the war years not only caused 
poor yields, but the nutrient value of the harvested crops fell off to such 
an extent that the health and bodily functions of both animals and men 
were seriously impaired. 

Depletion of the phosphate content of soils by erosion and the removal 
of crops has grown to be a matter of grave concern both in the United 
States and abroad and advice on combatting this menace to our agricultural 
security is being widely distributed through state and federal agricultural 
agencies. As a conse(]uence, farmers are adopting more rational systems 
of cultivation and cropping to check erosion losses and are restoring and 
building up the fertility of their soils by the more liberal use of fertilizers. 

Radioactive Phosphorus: Its Use in Soil and Fertilizer Studies* 

In this atomic age the utilization of radioisotopes or “tagged’ ' atoms in 
the development of new techniques for the study of soil and plant nutrition 
problems has been foreshadowed by the success of isotopes in medical i^e- 
search. The remarkably sensitive Geiger-Miiller counter, able to detect 
radioactive tracers in substances only a billionth gram in weight, became an 
indispensable adjunct in these new research techniques. 

A radioisotope or radioactive tracer is a substance which having been 
exposed to intense radiations within a nuclear chain-reacting pile or atomic 
furnace becomes radioactive itself. This simply means that the substance 
sends off invisible radiations whose paths can be traced by means of sensi- 
tive instruments. These radioisotopes are a direct product of atomic energy 
development. The Atomic Energy Commission at Oak Ridge, Tennessee, 
has made it possible for many research agencies to obtain these radiated 
substances for peacetime studies. 

According to this new method of study, tagged atoms may be incor- 
porated into a plant food carrier, such as superphosphate, and placed in 
the soil. Then, by means of the Geiger counter, their course can be charted 
as they travel through the tissues of the growing 'plant which absorbs 
them, the length of time they remain there, and their eventual disposition 
by the plant. In other words, radioisotopes furnish us a tool for exploring, 
for the first time, the inner secrets of plant nutrition at the root-tip-clay 
surface area and within the plant tissues. 

Radiophosphorus was one of the earliest radioisotopes to be produced in 
large quantities. It has proved very useful and convenient, particularly 
since it is relatively inexpensive a:nd has a half life of 14.3 days. This means 
that half of the radioactivity is lost every 14 days until at 114 days only 

* By Vincent Sauchetli, The Davison Chemical Corporation, Baltimore, Md, 



PHOSPHOmC ACID IN ANIMAL AND PLANT LIFE 


25 


J'^56 of ifs original intensity remains. Since 1946 the U. S. Department of 
Agriculture in cooperation with several state agricultural stations has or- 
ganized and supervised a research project sponsored jointly by the fertilizer 
industry and the government to study the profitable use of phosphorus in 
various forms on different soils and with different crops. In this project 
radioactive phosphorus is converted to a suitable phosphatic fertilizer 
along with inactivated phosphate. It is an important basic consideration 
that radiophosphorus has the samd chemical properties as inactive phos- 
phorus, and both kinds of phosphorus will behave identically in all reactions 
and will travel the same path. The quantity of tagged phosphorus a root 
tip absorbs in a few minutes can be measured by the new technique even 
though the amount is less than one-millionth of a gram. Another advantage 
not possible with chemical determinations is that a tagged substance can 
be distinguished from an untagged material of the same substance. Hence, 
it is now possible to segregate the absorbed phosphate or other tagged 
element in the applied form from the same untagged element present in 
the soil. The fate of tagged fertilizers can be determined both in the soil 
and in the plant tissues, and the tracing of the tagged element can be done 
on the living plant without in any way interfering with its normal functions. 
This obviously is a real and valuable advantage of the tracer technique. 
Actually the method followed is this: when the plant has reached the 
desired stage of growth it is collected, ashed, and the radioactivity of the 
ash measured by the Geiger counter. From this the fertilizer uptake is 
calculated. The total amount of phosphorus taken up by the plant is de- 
termined by chemical analysis. Then, by subtracting the amount of applied 
phosphorus as calculated by means of the Geiger counter from this total, 
the amount of phosphorus derived from the soil is obtained. The usual 
chemical method of determining the amount of applied phosphorus ab- 
sorbed by the crop is to subtract the amount of phosphorus uptake in 
the check plots from that determined for the fertilized plots. The radio- 
active phosphorus method is obviously superior, since by means of it one 
can segregate the applied from the native soil phosphorus up taken. 

It is too soon to permit more than a provisional evaluation of this new 
technique. Hardly five years have elapsed since these tracers were first used 
on a large scale. The technique is spectacular and has aroused great ex- 
pectations. It is the consensus of competent opinion at this time that the 
technique is the most direct approach to many plant nutrition and bio- 
logical problems, and offers the opportunity of studying the fixaticfin of 
phosphorus in the soil, the uptake of phosphorus by the plant, and the 
relative efficiency of various types of phosphatic fertilizers. Time will 
tell how effective this new tool may become in the solution of phosphate 
production problems in the fertilizer works. 
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3. Sources of Phosphoric Acid and 
Their ClassificaHon 

Wm, H. Waggaman 

Senior Mineral Technologist, Bureau of Mines, U. S. Dept, of Interior 

No very strict line can be drawn between soluble and insoluble phos- 
phates, between available and unavailable forms of phosphoric acid, or 
even between natural and manufactured phosphatic fertilizers. Neverthe- 
less, for convenience, the following three broad classifications are made, 
based partly on the relative solubility of such phosphates and partly upon 
their mode of occurrence and their chemical and physical properties: 

(1) The natural phosphates including raw bone, guano, apatite and 
phosphorite or phosphate rock. All of these, with the exception of certain 
types of guano, are nearly insoluble in water and are slowly available under 
soil conditions. 

(2) The so-called available phosphates which are. the products or by- 
products of various industrial processes. These phosphates very sparingly 
soluble in water but dissolve readily in certain conventional laboratory 
solutions. They include steamed or degreased bone, basic slag, dicalcium 
phosphate, defiiuorinated phosphate rock, calcium metaphosphate and a 
number of manufactured materials which yield phosphoric acid upon treat- 
ment with neutral ammonium citrate solution. 

(3) Water-soluble phosphates or those which dissolve most readily and 
as a rule have the quickest effect upon crop yields. The chief fertilizer 
products under this classification are ordinary superphosphate, triple super- 
phosphate and ammonium phosphates, all of which are main products of 
industrial processes. 

In addition, there are the pure water-soluble salts such as monocalcium 
phosphate and the phosphates of the alkali metals used for purposes other 
than fertilizers. 

The phosphoric acid content of typical phosphate materials, natural and 
manufactured, are given in Table 1. 

The Natukah Phosphates 

The natural or relatively insoluble phosphates represent the raw materials 


27 



28 


PHOSPHORIC ACID AND ITS DERIVATIVES 




30 


PHOSPHORIC ACID AND ITS DERIVATIVES 


from which the plant must draw its phosphoric acid, whether they are 
applied in their natural state directly to the soil with very little preliminary 
preparation, or so manipulated in the factory as to yield phosphatic com- 
pounds of entirely different composition. From the natural phosphates 
are also produced elemental phosphorus, the acids of phosphorus and the 
various salts of phosphoric acid which are annually coming to have a greater 
commercial significance and wider industrial applications. 

Whereas finely ground (but otherwise untreated) natural phosphates 
undoubtedly have an agricultural value and are still used for fertili25er 
purposes to a limited extent, most of them are generally regarded as inferior 
to the factory manipulated phosphates, the nature of which has been 
altered by the application of high temperature or treatment with various 
chemical reagents. 

Bones and Bone Products 

The first use of raw or green bone for fertilizer purposes is so ancient 
as to be lost in antiquity. Long before their composition was suspected 
they were used in their natural state (frequently not even crushed) to 
increase crop yields. Later, when the fertilizer value of phosphoric acid 
was established and the nature of bones determined by chemical analysis, 
the demand for bones became so great that old battlefields were plowed 
up and ancient cattle ranges sought for what was then considered one of 
the most valuable of phosphate fertilizers. 

While raw bones differ considerably in composition, depending on the 
source, age and natural agencies which have been at ‘work upon them, 
as ordinarily collected they contain from 20 to 22 per cent of phosphoric 
acid (P2O5) and from 5 to 7 per cent of nitrogen. 

The term raw bone, however, is rather indefinite since it includes not only 
bones from recently slaughtered animals but also those which have been 
weathered or buried for long periods of time. Both the nature and agricul- 
tural efficiency of these two extremes differ greatly and large quantities of 
bones are now seldom purchased without knowing their source and chemical 
composition. 

In addition to large amounts of water, fresh or green bones contain 
over 40 per cent organic matter, part of which is of such a character as to 
delay considerably the decomposition of the bone under soil conditions. 
The approximate composition of such bones is as follows: 



(%) 

Moisture 

34.00 

Mineral matter (ash) 

23.00 

Fats 

20.00 

Albuminoids 

21.00 

Undetermined organic matter 

-2.00 
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The mineral matter or ash of average bone has the following composition: 



(%) 

Calcium phosphate (Ca 3 (P 04 ) 2 ) 

87.00 

Calcium carbonate (CaCOa) 

12,00 

Silica (Si02), Fluorine (F), etc. 

1.00 


The albuminoids in bone consist chiefly of ossein, a gelatinous material 
containing nearly 18 per cent of nitrogen, and valuable for the manufacture 
of glue. While the albuminoids decompose or putrefy very readily when 
moistened, their presence in fresh bone renders the latter very difficult 
to grind. The fat or grease in fresh bones, on the other hand, retards their 
decomposition in the soil and hence lessens their value for agricultural 
purposes. Raw bones which have been weathered contain far less moisture 
and organic matter than fresh bone and as a rule can be much more readily 
ground. The availability of the P2O5 contained therein, however, is not as 
high as that in processed and degreased bone which are discussed in detail 
in Chapter 19. 

Bone charcoal and bone ash hardly belong under the classification of 
natural phosphates because they have been processed to a certain extent 
by artificial means. As far as their agricultural availability is concerned, 
however, they should be included among the relatively insoluble phos- 
phates since they show a solubility in conventional media but little greater 
than that of finely ground phosphate rock. 

The former material (bone charcoal) is the residue remaining after bones 
have been submitted to destructive distillation in air-tight retorts and the 
volatile constituents driven off or decomposed. The organic matter which 
remains is largely carbon. Bone black is produced primarily for the puri- 
fication and clarification of oils and sugar juices, and only after its activity 
for these purposes is largely spent does it enter into the fertilizer industry. 
Its solubility in water and citrate solutions is very slight and while the 
nitrogen which it takes up in the purification of sugar adds somewhat to 
its value as a fertilizer, the general practice is to treat spent bone black 
with sulfuric acid and convert its P 2 O 6 into a water-soluble form. Bone 
black varies greatly in composition depending on how often it has been 
used and revivified. In Table 2, Fritsch® gives the analyses of several samples 
of bone black before and after being used in the refining of sugar. The 
manufacture, use and revivification of bone black is treated more fully in 
Chapter 27. 

Bone ash is merely the mineral matter which remains after bones have 
been burned for fuel. At one time large quantities of this ash were shipped 
to the United States and Europe froiti certain South American countries. 
The immense prairies in Argentine, for instance, support vast herds of 
cattle and a century or more ago'^these animals were often slaughtered 
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merely for their skins, horns and fat. According to Fritsch the flesh was 
seldom used for human food but the bones were consumed for domestic 
fuel. As a result great mounds of bone ash accumulated, although the value 
was not appreciated until many years later. When the importance of this 
high grade phosphate was recognized, however, the bone ash was hauled 
to the seaboard and shipped to foreign countries where it was used for manu- 
facturing very high grade superphosphate and pure phosphate products. 


Table 2. Analyses of Feesh, Used and Spent Bone Black 


Description of Material 

Nitrogen 

(%) 

Carbon and 
Org. Mat. (%) 

Phosphate of 
Lime (%) 

Carbonate of 
Lime (%) 

Other Con- 
stituents (%) 

Charcoal 






fine, new 

1.12 

11.6 

73.1 

8.0 

7.3 

once used 

1.95 

21.1 

64.6 

6.4 

7.9 

fine, new 

1.22 

11.3 

72.2 

1 5.3 

10.5 

once used 

2.83 

32.0 

53.7 

4.9 

9.4 

twice used 

3.59 

42.2 

46.0 

3.3 

8.5 

fine, new 

1.61 

11.0 

75.6 

7.0 

i 13.4 

once used 

2.54 

36.2 

52.6 

10.0 

10.1 

twice used 

3.18 

42.5 

47.5 

.4.5 

' 5.2 , 

— -m 


Table 3. Chemical Composition op Five Typical Samples op Bone Ash 


Sample No. 

(%) 

(%) 

3 

(%) 

4 

(%) 

(%) 

Moisture and organic 

8.89 

19.66 1 

17.37 


3.39 

10.30 

matter 

P2O6 

35.38 

33.89 

32.63 


38.12 

29.56 

CaO 

47.80 

43.00 

39.76 


48.92 

35.50 

MgO 

0.97 

0.97 

1.48 

] 



NaaO, K2O 


1.39 

0.84 

1 

i 5.67 

4.40 

FesOg 

CO2 

1 3.01 

0.78| 

0.21 

[■ 0.84 , 



BiO. 

6.95 

8.31 

' 6.50 

1 


3.90 

20.24 


This material is now nearly exhausted and the ancient practice of burn- 
ing bones and thus destroying much of their commercial value is recognized 
as a profligate waste. Bone ash, however, is a very high-grade raw phosphate 
material and finds a ready market where relatively concentrated or pure 
phosphate products are manufactured. The analyses of typical samples of 
})oue ash (Table 3) show how free most of this material is from objectionable 
impurities. 

Guano 

* . '■ 

The word guano is derived from the Peruvian word ‘Tiianu’ I meaning 
(:xcreineut. It is the oldest fertilizer known to man, for literature shows 
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that the excrements of birds and animals were used for agricultural pur- 
poses at least 200 years B.C. While there appears to have been a period 
during which the fertilizer merits of guano were unappreciated or forgotten 
in certain European countries, it again came into use in 1840^ when a firm 
of Lima merchants sent a cargo of Peruvian guano to London. Twenty-two 
years later (1862) the annual exports of guano from Peru had risen to 
435,000 tons. 

Although guano occurs in natural deposits it cannot be properly classed 
among the relatively insoluble phosphates since its composition and agricul- 
tural availability vary widely depending upon the source of the materials, 
the conditions under which it has been laid down, and the natural agencies 
to which it has been exposed^®. 

The guano deposits found in arid regions or in caves (bat guano), where 
the material has not been subjected to the leaching action of water, contain, 
as a rule, phosphoric acid in a much more soluble -and available form than 
the guano which has been leached by percolating waters. The former 
material also contains, in addition to the phosphoric acid, considerable 
amounts of nitrogen, which greatly increases its commercial value. Between 
the two extremes of guano containing nearly all of its original organic 
matter, and that which has been so weathered as to resemble phosphate 
rock, there are many deposits in various stages of decomposition. Most 
of the guano entering the fertilizer market comes from India, Africa, the 
West Indies, Argentine, and certain islands off the Coast of Peru. It is 
chiefly derived from the accumulation in’ caves where great numbers of 
bats congregate or from the droppings of birds which feed upon fish and 
marine animals. Because of the great variation in the composition of 
guano it is seldom purchased without the buyer knowing definitely the 
percentages of nitrogen and phosphoric acid (both available and insoluble) 
which it contains. 

The most famous deposits of guano are those occurring on certain groups 
of islands off the coast of Peru® where for thousands of years vast numbers 
of fish -eating birds have nested and reared their young. The dung and re- 
mains of countless generations of these marine birds have accumulated in 
guano beds which have reached a thickness in certain places of over iOO feet. 

These deposits probably represent the most valuable natural fertilizer 
known since they occur in a rainless region and have retained nearly all 
of their soluble constituents. It is true that large guano deposits derived 
from the same source (the dung of marine birds) are found upon islands in 
the Caribbean Sea, upon the coast of Africa, and on other islands of the 
Pacific Ocean, but practically all of these deposits occur in humid regions 
where the rainfall has leached away much of their nitrogen content leaving 
a residue of the less soluble phosphates. Such residues and the phosphatized 
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underlying lime rock constitute some of the highest grade phosphate de- 
posits in the world. 

The nitrogen content of Peruvian guano, however, seldom falls below 
8| per cent and will often run as high as 16 per cent. This material, there- 
fore, is valued chiefly as a nitrogenous fertilizer although it contains a high 
percentage of phosphoric acid (much of which is citrate soluble) and appre- 
ciable quantities of potash. 

At one time these guano deposits constituted an important source of 
revenue to the Peruvian government. For years their exploitation was 
carried on so indiscriminately and with so little regard for the future that 
they have been very much depleted and it finally became evident that they 
would soon be exhausted unless steps were taken to conserve them and 
protect the birds from which they were derived. According to Coker® more 
than 10,000,000 tons of Peruvian guano valued at from $400,000,000 to 
$600,000,000 were extracted and shipped from one small group of islands 
between 1851 and 1872. 

About this time, however, laws were passed limiting the exports of guano, 
and later regulations were adopted whereby the islands were mined in 
rotation and the extraction of guano restricted so as to interfere as little 
as possible with the birds, particularly while they are breeding. In this 
way the supphes of guano are being replenished to a certain extent but at a 
rate hardly more than sufficient to meet the demands of domestic agricul- 
ture. Coker® found that in certain rookeries where the birds were left un- 
molested the guano accumulated at the rate of 4§ inches per annum or 300 
pounds to the square yard. This annual deposition seems almost incredible 
until one considers that some of these marine birds consume as much as 8 
to 10 pounds of fish each day. Their nests are frequently built so close 
together that they resemble eggs in a crate. 

Bat guano is another type of natural nitrogenous phosphate fertilizer 
but it does not compare in value to Peruvian guano. The deposits are much 
smaller, the annual accumulations far less (due to the relatively small 
quantities of food consumed by bats), and the caves in which the material 
is deposited are frequently so isolated that it hardly pays to exploit them. 
Moreover, the composition of bat guano varies greatly not only in different 
caves but in different parts and at various depths of the same caves depend- 
ing upon the amount of percolating water entering the cave, the intrusion 
of soil or other foreign material, the type of rock forming the base of the 
cave, and the character of the bacterial activities which function under 
different conditions. Gile and Carrero^^ made a thorough examination of a 
large number of samples of bat guano from various parts of Porto Rico 
and found that the nitrogen content of this material ranged all the way 
from an almost negligible amount to 13.04 per cent and the phosphoric 
acid (P 2 O 6 ) from less than 1 per cent to 41.58 per cent. 
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Most guano j even that which has been largely leached of its more 
soluble constituents, is ground and applied directly upon the field, although 
some is treated with sulfuric acid and its fertilizer constituents thereby 
rendered more soluble and quickly available to crops. 

Apatite 

Apatite is a phosphate mineral having a crystalline structure (hexagonal) 
and a more or less definite chemical composition. Two varieties occur in 
nature, namely, chloroapatite Ca6(P04)3Cl and fluorapatite Ca6(P04)3F'*’ 
These two types when pure contain from 40.9 to 42.26 per cent of PgOg, 
which is a higher phosphoric acid content than any other phosphate mineral 
found in large deposits. Hydroxyapatite (Ca6(P04)30H), in which the OH 
radical replaces F, is formed when phosphate rock is calcined or defluori- 
nated at high temperatures and allowed to cool slowly. All forms of apatite 
are very sparingly soluble in pure water. 

While widely distributed in nature, apatite occurs chiefly as veins or 
intrusions in igneous rocks and therefore is probably derived directly from 
the molten magma. It has been prepared synthetically in the laboratory by 
a number of investigators both from mixtures of highly heated or fused 
materials®' and by heating said mixtures with water under pressure®- 

It is generally conceded that apatite is the original source of P2O6 in 
the soil, as well as of practically all natural commercial phosphates. Since 
it is appreciably soluble in carbonated waters some of the mineral is con- 
stantly carried to the. sea where it is absorbed and concentrated by living 
organisms. Some portions react with other products of rock decomposition 
forming new secondary phosphates which may be subsequently segregated 
in relatively large deposits; other portions enter’ the soil and are taken up 
by plants which in turn may be either consumed by men and animals, 
and the phosphoric acid thus utilized to build up bone and tissue, or the 
phosphate may be again returned to the soil in the form of excrements and 
as residues resulting from death and decay of vegetable life. 

Although sometimes found in large bodies, apatite like nearly all mineral 
veins or intrusions often is very irregular in occurrence. The world^s largest 
and most important deposits of apatite are located on the Kola Peninsula, 
near Kirovsk, U. S. S. R. The rock is found in great lenses between two 
types of alkalic rocks. The apatite is in granular aggregates intimately 
associated with nepheline. These deposits, are the only ones now being 
actively exploited®®. 

Deposits of apatite also occur in Norway, Spain and Canada and before 
the discovery of the inamense deposits of amorphous phosphates in the 
United States the mining of Canadian apatite was conducted on a fairly 
extensive scale®®. The peak of production in Canada was reached in 1890 
when the annual output amounted to 31,753 tons. Since that date the in- 
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dustry has steadily declined and as early as 1896 the annual production 
had fallen to 570 tons. 

Large reserves of apatite still remain in the provinces of Ontario and 
Quebec^^ the small tonnage which enters the market is obtained merely 
as a by-product in the mining of mica with which the apatite of the latter 
province is associated. The irregularity and uncertainty of these vein de- 
posits and the hardness of the country rock make the cost of prospecting 
and mining apatite relatively high. Moreover, the material must be cobbed 
or hand picked in order to insure a high-grade product, which adds further 
to the final cost. It is a significant fact that three of the countries mentioned 
above have not only ceased to export apatite but practically all of the 
phosphatic fertilizer manufactured for domestic use is produced from amor- 
phous phosphate rock imported from Africa or the United States. 

Phosphorite or Phosphate Rock 

Phosphorite or amorphous phosphate rock which occurs in sedimentary 
deposits (usually of marine origin) in many parts of the world is by far the 
most important of the raw materials used as sources of phosphoric acid for 
fertilizer and other industrial purposes. 

Jacob^* found that nearly all deposits of phosphorite contain F and 
P2O5 in the same ratio as they occur in apatite. The presence of fluorine as 
a constituent part of the calcium phosphate molecule is responsible for 
the low solubility of the P 2 O 6 and accounts for the accumulation and preser- 
vation of these phosphate deposits^®. 

Few minerals marked today are found at a greater nuihber of geologic 
horizons and occur under a wider range of natural conditions than phos- 
phate rock. It is found in deposits of Ordovician, Silurian, Devonian and 
Carboniferous Age, in Jurassic, Cretaceous, Tertiary and even more recent 
strata. Its physical properties vary all the way from hard flint-like masses 
to soft plastic material resembling kaolin, and from black massive seams of 
rock which have been mistaken for coal to brown, porous thin-bedded 
strata or to small white nodules and pebbles. Some deposits show little 
evidence of organic origin while others contain fossilized bone, teeth ^d 
the waterworn casts of phosphatic shells. 

While different deposits, as well as the several strata in the same deposit 
may vary considerably in value and extent, phosphate rock on the whole 
is readily and cheaply mined, and there is little doubt that the abundance 
and low cost of this mineral are largely responsible for the expansion of 
the fertilizer industry and the economic maintenance and increase in crop 
yields. 

The ratio of lime to phosphoric acid in the purest samples of phos- 
phorite approaches that in fluorapatite (Cag(P 04 ) 3 F) or tricalcium phos- 
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phate (Ga 3 (P 04 ) 2 )^, but nearly all phosphate rock contains as impurities 
various amounts of organic matter, iron and aluminum oxides or phos- 
phates, carbonates of lime and magnesium and fluorine compounds. More- 
over, nodular, pebble and plate phosphates are usually found mixed with 
clay and sand from which they must be separated by washing, gravity and 
flotation processes. In the case of the bedded deposits the rock may be 
interstratified with limestone and shales entailing selective mining in order 
to obtain a marketable product. 

The phosphate rock deposits of the world in the order of their present 
commercial importance are as follows: the phosphates of the United States 
including those of great value and extent in Florida, Tennessee, and the 
western states, Utah, Idaho, Wyoming and Montana and deposits of less 
importance in South Carolina, Ketitucky, Virginia and Arkansas; the de- 
posits of northern Africa in Algeria, Tunis, Egypt and Morocco; the apatite 
deposits of the Kola Peninsula, U. S. S. R.; the deposits in the Pacific and 
Indian Oceans including those of Ocean, Christmas and Nauru Islands, and 
islands of the Marshall, Pellew and Society groups; deposits of less im- 
portance in Australia, Japan and New Zealand; the phosphates of Bel- 
gium, France, England; and a number of smaller deposits in various other 
countries. 


Finely Ground Raw Rock Phosphate 

In order to maintain the fertility of soils indefinitely with respect to 
phosphoric acid, a number of agronomists and agricultural chemists recom- 
mend the application of finely ground unacidulated raw rock phosphate 
directly on the field. A considerable tonnage is thus annually used. From 
a strictly theoretical standpoint it would appear that finely ground raw 
rock phosphate should be an effective phosphate carrier, particularly when 
applied to soils low in P2O5. The mineral phosphates of the soil which 
normally support plant life probably have no greater solubility than phos- 
phate rock. In fact, iron and aluminum phosphates, often the chief com- 
pounds of phosphoric acid in soils, are no more soluble than phosphate 
rock, which is known to be appreciably dissolved by carbonated waters 
and therefore should enter the soil solution which is nearly always rich 
ill carbon dioxide. 

The agricultural value of finely ground unacidulated mineral phosphates 
does not lack practical supporting evidence. Many experiments conducted 
in the laboratory greenhouse and field point strongly to the merit of this 
material and a compilation and classification of many long-time experi- 
ments conducted with raw rock phosphate^^ led to the conclusion that this 
material usually increased crop yields. From a financial standpoint the 
results obtained often compared favorably with those from other types of 
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phosphatic fertilizers. Very fine grinding, liberal application, and the pres- 
ence of substantial amounts of organic matter in the soil are important 
factors in determining the effectiveness of raw ground phosphate rock as a 
fertilizer. Bartholomew^ in studying the effect of ground phosphate rock on 
soils of varying acidity, concluding that the availability of the P 2 O 6 de- 
creased as the fluorine content increased. However, even when all conditions 
are favorable for its utilization, this product should not be expected to give 
as quick returns as the more soluble phosphatic fertilizers. 

WoRLD^s Production and Reserves of Phosphate Rock 

In spite of the fact that certain phosphate fields have not yet regained 
their prewar positions, and accurate figures of the output from other 
deposits are not available, the output of phosphate is unquestionably 
greater today than ever before in the world’s history. This increase is due 
in part to the need for phosphatic fertilizers to build up the soils that were 
depleted of plant nutrients during the war period, but mainly to the wider 
appreciation of phosphates for both agricultural and industrial use. As far 
as figures are available, the main increase in the production of phosphate 
rock has been in the United States and Northern Africa, but there is 
little doubt that the U. S. S. R. has also stepped up its output. 

The world’s annual production of phosphate rock for the period 1939 
to 1949 inclusive, according to the figures of the U. S. Bureau of Mines^®, 
is given in Table 4, These figures do not include such natural phosphates 
as guano and bone, nor the large annual tonnages of basic slag that are ob- 
tained as a by-product of the steel industry and which relieve to some extent 
the drain on the world’s reserves of phosphate rock. 

The location of the principal known deposits of phosphate rock are 
shown on the map (Figure 1) compiled by Noyes^®. 

The phosphate rock reserves of the world have been estimated from 
time to time during the past three decades^^- 23 ^ 2 i.nd while many 
millions of tons have been mined and consumed in this period, the estimates 
as far as the United States is concerned have grown greater with the passing 
years^®’ 

This apparent paradox is due to three factors: (1) discoveries of new 
phosphate fields; (2) extensions of known deposits; 0) metallurgical de- 
velopments that have brought lower grade phosphates and former plant 
wastes into the economic picture. 

The Moroccan phosphates and the vast apatite deposits of Russia are 
outstanding examples of important but comparatively recent discoveries; 
the finding of phosphate rock in Montana is an example of the extension 
of well-known phosphate fields; .finally, the development of flotation proc- 
esses for beneficiating phosphate rock and the advent of thermal reduction 
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methods whereby low-grade deposits can be efficiently exploited are out- 
standing examples of improved metallurgical practices. 

Not only does phosphate rock from various sources range widely in grade 
but the P2O6 content of an individual deposit may vary considerably. 
Mere tonnage figures, therefore, are by no means a true measure of a 
nation’s reserves. For instance, each ton of the high grade phosphates from 

Table 5. Estimate of World Reserves of Phosphate Rock and Apatite 


(in metric tons) 


Tunisia 

1,500,000,000 

Algeria 

1,016,500,000 

Morocco 

1,000,000,000 

Egypt 

179,000,000 

Europe (excluding Russia) 

435,126,000 

Russia 

7,568,000,000 

Palestine 

4,000,000 

Canada 

181,000 

Mexico 

214,500,000 

Brazil 

573,000,000 

Ocean and Nauru Islands 

282,245,000 

Makatea Island 

10,000,000 

Christmas Island 

50,000,000 

Japan and mandated islands 

28,984,000 

China 

2,400,000 

Indo-China 

55,000 

India 

10,128,000 

Netherlands Indies 

1,000,000 

Other foreign deposits 

2,496,000 

Total foreign deposits 

12,877,615,000 

United States 

13,503,514,000 

Total world reserves 

26,381,129,000 


Sources: George R. Mansfield; K. D. Jacob; private. 


certain islands in the Pacific and Indian Oceans containing an average of 
36 per cent P2O5 is equivalent to 1.2 tons of Egyptian rock containing 
only about 30 per cent P2O6, or to 2 tons of Russian apatite, some of 
which may contain (before beneficiation) only 18 per cent of P2O6. More- 
over, the nature of many phosphate deposits is such that no accurate 
tonnage figures can be made without systematic and extensive prospecting. 

The figures showing the world reserves of phosphate rock by countries 
compiled by Noyes^® from the data of Mansfield^ ^ and Jacob are given 
in Table 5, and the reserves by continents based on these same figures 
are shown graphically in Figure 2 which was drawn by Johnson^®. 



SOURCES OF PHOSPHORIC ACID 


43 



{Courtesy of U . 8. Bureau of Mines,) 
Figube 2. America’s dominant phosphate position. Phosphate rock reserves of 
the world by countries and continents. 

In some cases, the figures for individual countries are merely rough ap- 
proximations and are subject to considerable change as explorations are 
continued. 
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small area), ranging all the way from a few feet to 70 feet or more. The 
percentage of recoverable rock in the matrix also differs widely from place 
to place. The average grade of rock after washing and drying is 77 per 
cent tricalcium phosphate (bone phosphate of lime) and less than 3 per 
cent iron and aluminum oxides. 

Prospecting 

During the early days of the Florida hard rock phosphate industry, 
deposits were located chiefly by outcrops and by digging shallow holes. 
These surface indications however were often unreliable and gave little 
information as to the depth and extent of the deposit. Prospectors soon 
learned to use the cup method which enabled them to decide whether or 
not the phosphate beds were sufficiently large to warrant exploitation. 

The cup is a vertically slit cylinder, about 1 foot long and 3 inches in 
diameter, attached to drill rods or pipes in 5-foot lengths, additional 
lengths being screwed on as the depth of the hole increases. This method of 
prospecting is only applicable to depths of about 30 feet and cannot be 
used when the cup strikes a boulder or the deposit is below water level. 
When the water level is reached, 2-inch casing is lowered to the bottom 
of the hole and driven ahead for 2| feet and the core is removed by churn 
drilling with a jet drill bit. This sequence is repeated as long as the nature 
of the cores warrant it. Such equipment permits prospecting to a depth of 
125 feet below the surface®- 

Preliminary prospecting involves about 2 holes per acre. If the results 
are favorable, as indicated by the quantity and analysis of the phosphate 
in the matrix, additional holes are drilled, and before actual mining opera- 
tions are begun, at least 16 holes per acre are sunk. The average cost of 
prospecting in 1944 according to Kibled was from $200 to $250 per acre. 

Mining 

Florida hard rock phosphate is mined by first stripping the overburden 
of sand and clay and then digging out or dredging the phosphate stratum 
thus exposed. In the early days the thickness and character of the over- 
burden was often a determining factor in the cost of production, since hand 
labor and scrapers drawn by mules were largely used. Now, however, the 
overburden is handled hydraulically and deposits which involve stripping 
70 feet of overburden may be economically worked. The quantity that 
can be removed is governed mainly by the ratio of the overburden and 
matrix to the recoverable phosphate in the deposit. Kibler^ states that an 
economic rations from 6 to 10 cubic yards of overburden per long ton of 
recovered rock, or 10 to 15 cubic yards of overburden and matrix combined 
per long ton of rock. 
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The type of mining used (dry or dredge) depends on whether or not the 
deposit occurs above or below the normal watertable. In the former case, 
an electric shovel is used in digging the matrix; in the latter case, a large 
dredge is floated in the water-filled pit and the matrix scooped up and 
loaded into cars which are hauled to the washer plant. In recent years a 
walking dragline (equipped with a 3-cubic yard scoop) has been used 
successfully for mining deposits as much as 45 feet below water level. 
Such macWes can mine from 150 to 200 cubic yards of matrix per hour. 
Where boulders are encountered which cannot be handled either by the 
electric shovel or dragline, it is necessary to break them up with dynamite. 

Washing and Drying 

The matrix is loaded into side-dump skip cars having a capacity of about 
7 cubic yards and hauled to a central plant where it is dumped on a corri- 
gated rolling grizzly and the clay matrix loosened to some extent by a heavy 
stream of water. The material passing through the grizzly goes into a sump 
box, while the coarser material discharges into a single-roll crusher set to 
reduce the larger lumps to at least 7 inches. The crushed material then goes 
to a single-shell rotary screen having openings If inches in diameter, the 
undersize material passes to the sump box previously mentioned, while the 
oversize, after being crushed to 3 inches, pass to the log washers. The 
overflow from the sump box, carrying clay in suspension, is discharged 
to waste while the coarser material is pumped over a 10-mesh vibrating 
screen which separates the coarse and finer sizes; the coarse material 
passes to the log washers, and the finer material (—10 mesh) continues to 
two hydroseparators for further cleansing. 

The coarsest material (IJ to 3 inches) after being tj-eated in the log 
washers is discharged into a double-shell trommel screen where it is sepa- 
rates into two sizes. The larger size '(+I 2 inches) goes to a picking belt 
where skilled laborers remove clay balls, flint and limestone before the 
product receives a final crushing and goes to a storage bin. 

The smaller size, retained by the outer shell of the rotary screen x 1 
inch), goes directly to storage. All the material which passes this outer 
screen goes to the hydroseparators for further treatment. Immense quanti- 
ties of water are required in the elaborate washing and screening steps. 

During the past 20 years the washing and separating equipment em- 
ployed in the hard rock fields has been vastly improved with a correspond- 
ing improvement in the percentage of marketable products - recovered. 
Deposits that would have been considered impracticable to mine in the 
early days are now being economically exploited and fine granular material 
formerly discharged into waste ponds is being saved. 

The size of the phosphate rock marked ranges from If inches down 
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Figure 1. Flow sheet of Section 12 Mine, Kibler-Camp Phosphate Enterprise, 
Dunnellon, Florida. (August 1950) 

1. Skip car from pit. 19a. Conveyor belt. 

2. Hopper. 20. Conveyor belt. 

3. Kolling grizzly openings. 21. Steel receiving bin. 

3a. Smooth rolls where we remove large 22. Steel receiving bin. 

flint and lime rock. 23. Dewatering drag. 

4. Single roll crusher 24'' X 54", Set 24. 2-Dorr sizers in parallel, 5 pockets 

6"--7". each. 


5. 6' X 7' X 14' Screen, 1|" round holes. 
5a. Pump sump. 

6. 8" Centrifugal pump. 

7. Picking belt. Reject to waste. 

8. Conveyor belt. 

9. Single roll crusher, Set 4". 

10. Single roll crusher, Set 2"--2it". 

11. Duplex log washers 30' long. 

12. Chain elevator. 

13. Vibrating screen, 10 mesh. 

14. Duplex log washer 30' long. 

15. 20' Dorr hydroseparator. 

16. Duplex log washer, 30' long. 

17. Vibrating screen, 8 mesh, 

18. Double shell rotary screen, x 1" 
inside, fg" x 1" outside. 


25. Vibrating screen, 16 mesh. 

26. 4 Tables in parallel. 

27. Dorr rake classifier. 

28. Belt conveyor. 

29. Tunnel and belt conveyor. 

29a, Inclined belt conveyor to wet stor- 
age. 

30. Recovery tunnel and belt conveyor 
under wet storage. 

31. Receiving bin. 

32. Chain elevator. 

33. Rotary dryer. 

34. Rotary dryer. 

35. Chain elevator. 

36. Conveyor to dry storage. 

37. Dry storage shed. 

38. Tunnel and belt conveyor under dry 


19. Picking belt. 


storage for loading into railroad cars. 


Between elevator (32) and dryers (33) and (34) there are two vibrating screens and 


two crushers, so arranged that we can make two maximum sizes to suit customer's 
specifications. 
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to +35 mesh and the grade from 72 to 82 per cent BPL. Virtually any 
grade between these two extremes can be obtained by blending the different 
sizes that are separated at various stages of the washing process. 

A flow sheet of a modern hard rock washing plant is shown in Figure 1. 

For many years washed Florida phosphate was dried by piling up alter- 
nate layers of rock and wood then firing the latter. This crude method was 
abandoned when timber became scarce and the rock is now dried in oil- 
fired rotary kilns. 

Until recently, the wet rock was shipped from the mines by rail to the 
port of Fernandina, Florida, where it was dried, stored and the bulk of it 
exported. The drying, storing and shipping facilities at this port took 


Table L Estimated Reserves op Phosphate Rock in Main Hard-Rock Field 


Reserves 

Acres 

Long Tons 



65% BPL 

40-65% BPL 

Known 

4,032 

41,280,840 

10,702,440 

Probable 

69,308 

580,107,960 

150,398,360 

Total known and probable ! 

74,240 

621,388,800 

161,000,800 

Possible 

Area examined by Aikin 
Additional area 

46,000 

417,971,200 

107,400,500 

230,000,000 

Combined total 

120,240 

1,039,360,000 

498,601,300 


care of the entire production from the hard rock field, but the reduced 
output in recent years did not warrant maintaining this expensive plant 
and it has been closed down. Drying operations are now performed at the 
mines and all dried rock for export is shipped from Port Tampa, Florida. 

There is still a limited domestic demand, however, for this high grade 
rock. Although the average grade of Florida hard rock phosphate is appre- 
ciably higher than Florida pebble phosphate, the deposits of the latter 
are more regular and extensive, and as a result can be mined more economi- 
cally. The higher mining cost of hard rock phosphate however is offset 
to some extent by the premium paid for this higher grade product, 

Kibler^ states that over a period of many years the yield of hard rock 
has averaged about 14,000 tons per acre. Undoubtedly this yield would 
have been considerably higher had more efficient mining and processing 
equipment been developed before so many deposits were presumably ex- 
hausted and abandoned. 
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Production and Reserves 

During the period 1888 to 1939, 75 companies were engaged from time to 
time in mining hard rock phosphate, but only one concern (Kibler-Camp 
Phosphate Enterprise) is now actively exploiting these deposits. 

Although the production of Florida hard rock phosphate has fallen off 
considerably because of competition offered by the more extensive and 
cheaply mined pebble deposits, the former fields are by no means exhausted. 

Mansfield® estimated the total reserves of hard rock phosphate of grades 
ranging from 45 to 65 per cent BPL at more than a billion and one-half 
long tons, as shown in Table 1. 
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heading close to Lakeland and flowing almost due south to the Gulf of 
Mexico via Charlotte Harbor Bay. The central and 'W'estern part is drained 
by both the Alafia and the Myakka Rivers and their tributaries the 
Myakka flows south westward into Charlotte Harbor Bay; the Alafia flows 
westerly into Tampa Bay. 
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Figure 1. Outline map of Florida showing pebble phosphate area. 

The rock underlying the area is nearly horizontal. The oldest bed exposed 
is part of the Hawthorn phosphatic limestone of Miocene Age. This out- 
crops in the stream beds of the Peace and Alafia Rivers. The Hawthorn is 
covered elsewhere except where it has been exposed by mining operations. 

The Bone Valley formation of Pliocene Age, which is the phosphatic 
stratum extensively mined in this area, unconformably overlies the Haw- 
thorn. Resting unconformably upon the Bone Valley formation are Pleis- 
tocene terrace deposits of unconsolidated quartz sand which comprise the 
overburden of the phosphate ore. 
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Distribution and Character 



The economic deposits all lie within the Bone Valley formation and in- 
clude those which, with the silicates and fines removed, will analyze 
above the 65 per cent tricalciam fluophosphate or bone phosphate of lime 
(BPL). 

The phosphate itself is found as rounded pellets ranging from “~350 
mesh and smaller to some over a foot in diameter. The bulk of the pellets 
lies within a range of —150 to —1 mesh, the size distribution varying 
markedly from one field to another. The particles are commonly highly 
polished but may be dull in luster. 

The deposits are fairly continuous over large areas in grade (of concen- 
trated pellets) and thickness, but locally both may change abruptly. The 
thicker and higher grade deposits lie in the northern part of the area as 
shown on the map (Figure 1). 

Mining 

General 

The area included in these mining operations is quite flat and lies at an 
elevation of 100 to 150 feet above sea level. The deposits occur with an 
average of 15 to 20 feet of overburden which may contain some phosphatic 
values (too low in P 2 O 6 content to process), and from 10 to 30 feet of ma- 
terial designated in the field as matrix. Matrix is made up of three constit- 
uents: (1) clay slimes, largely —5 microns in size; (2) silica sand, largely 
— 1 mm; and (3) phosphate pebble, ranging in size from a small quantity 
at 1| to 2 inches down to 400 mesh. The screen size distribution of the peb- 
ble will vary considerably from one location to another. 

Prospecting 

While deposits are fairly unifprm, it is necessary to carefully prospect 
areas to be mined to determine the depth of overburden, matrix, yield 
of product per acre, and the grade of product to be produced. 

If the prospecting survey of the piece of land is exploratory, 4 holes 
will be put down to every 40 acres, usually diagonally across the acres, to 
determine the general nature of the deposit. Most mining and calculation 
of reserves is based on 16 holes to 40 acres. In special areas, holes may be 
put down rather closely spaced to determine the exact nature of the deposit. 

The method of obtaining' the prospect sample or core varies to some 
degree with the company taking the sample. Machine coring is to a large 
extent supplanting hand angering at the present time. In the case of hand 
angering, the equipment used for prospecting is relatively simple. A casing 
having an inside diameter of 4| inches is forced into the ground by means 
of the weight of the pipe, pressure of the crew on the pipe, and the cutting 
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are added as the depth of the hole increases. In driving one core to a depth 
of 80 feet, it may take a crew a day to put down a single drill hole. 

The high cost of labor often makes the use of machine coring rigs more 
economical than hand angering. Figure 2 shows one of these outfits drilling 
holes in a pebble field. In general, no casing is used with these drills. The 
cores obtained are for the most part disturbed cores and do not represent 
the true structure of the beds as deposited. No completely satisfactory 
method of ' coring the deposits has been found as yet, but the methods in 
use check very closely with mining recovery. 


Figure 2. Drilling rig used in prospecting for Florida pebble phosphate. 


action of hardened teeth on the lower edge of the casing. As the casing bores 
into the ground, a hand auger is placed inside the casing to remove the 
material displaced. 

In general, the casing is in 5-foot threaded sections. The auger is a stand- 
ard unit fastened to a j-inch iron pipe to which additional 5-foot sections 
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The cored material is sent from the field into the laboratory where it 
is processed in a manner similar to plant processing. The data recorded 
will give the depth of overburden, depth of matrix, grade of pebble, grade 
of concentrate, cubic yards of matrix to be mined per acre and tonnages of 
products per acre. The value of the land can be determined from this data, 
as well as the advisability and economics of mining the property. 

Mining Operation 

In the first land pebble phosphate mining operations in Florida, over- 
buiden was removed by steam shovels, hauled in tram cars, and deposited 
on unmineable land. The matrix was then mined and sent to the plant. 
The next development was the removal of overburden by the use of hy- 
draulic guns. The overburden was then pumped into mined-out areas or to a 
debris dump. The matrix. was hydraulically mined and pumped to the plant. 

At present the overburden is removed by draglines and dumped into 
the previously mined-out cut. This operation is much more economical 
and gives better recovery of mineable values. At most operations, the 
matrix is mined by a dragline and dropped into a shallow pit on the surface 
of the ground from where it is pumped to the plant. 

A dragline operation starting in a new pit will first make a box cut at 
the edge of the property. The overburden is removed and piled on the 
ground on top of the overburden that will be removed in the second cut. 
If the new operation is next to an old mined-out pit, this, of course, is 
unnecessary. The overburden from the first cut has to be rehandled, but 
the values in the rock beneath this first cut warrant such rehandling. The 
length of cuts taken by the dragline will depend upon the shape of the 
property. However, they are seldom less than a quarter of a mile in length 
and often run for a mile. The width of the cut depends on the dragline 
used. A cut as wide as feasible for the boom length and depth of the deposit 
involved will be made. If the mining operation is carried out with two drag- 
lines at the same location, one may remove overburden while the other 
removes matrix. 

Figure 3 shows an operation involving a Bucyrus 1150B walking Monig- 
han. This dragline has a bucket capacity of 23 cubic yards and a 215-foot 
boom. It is easy to see the line of division between overburden and matrix 
in this picture. The top section or overburden is removed and cast away 
from the unmined area, as indicated by the spoil piles in the background. 
The matrix is then mined and dropped in what is called a well, which is 
an area dug out of the surface of the overburden. The suction end of a large 
sand pump is then dropped into the well and the mined matrix washed 
into the suction of the pump by means of hydraulic guns. 

Figure 4 shows the hydraulic operation at the well. The hydraulic pres- 
sure from the gun breaks down the mud in the matrix and washes the matrix 
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Figxjee 4. Hydraulic gun used to wash the matrix containing pebble phosphate 
into a sump from which it is pumped to the washer plant. 


to the pump suction. From this point it is pumped to the plant. The entire 
operation is electrical. Power lines are run to the dragline ana to the well. 
The whole mining unit is mobile. The pump which pumps the matrix to 
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the concentration plant and the motor which runs it, together with the 
necessary' electrical switches, are all assembled in a sled, the entire unit 
being described as a pit car. The pit car can be hauled by tractor to the next 
location and the necessary pipe lines and electrical connections made. 

For average-size draglines, the pit car, which handles the matrix to the 
concentration plant, is equipped with a 300- to 500-h-p motor. A sand 
pump operating at 600 to 720 rpm pumps from the pit to the washer up 
to 600 cubic yards per hour with about 6,000 gallons of water per minute. 
Where large draglines are used with larger pumps and motor, quantities up 
to 1,000 cubic yards per hour have been pumped. The pipe line from the pit 
car to the concentration plant is 14 to 16 inches in diameter. It is not un- 
usual to pump a distance of 1 to 2 miles in the Florida area. However, 
additional booster pumps must be put in the line to maintain proper 
velocity for pumping. In order to prevent all possible choke-downs in 
the pipe, a velocity of 10 to 14 feet per second should be maintained in 
the pipeline. 

The hydraulic guns at the pit car which furnish the water for pumping 
help to break down the matrix for further treatment. The minimum pressure 
at these guns is 100 psi, and where a mud of an unusually sticky nature is 
found in the matrix, this pressure may be stepped up to 200 to 225 pounds. 
This hydraulic action prepares the matrix for further processing. 

There is quite a problem in disposing of the clay slimes in the matrix 
after washing. Mining is so designed that the area after mining can be used 
to settle out these clay slimes, and careful consideration must be given 
to this when laying out the mining operation. 

Mining Auxiliaries 

The following list represents a number of the auxiliary operations handled 
by the mining operators. 

(1) Clearing land for mining. 

(2) Dragline operations. 

(3) Transportation of water to the mining operation and pumping matrix 
from the operation to the concentration plant, 

(4) Establishment of power lines to and from the mining operation. 

(5) Operation of a settling area for slime in the matrix. 

(6) Operation of tailings dams for handling concentration tails. 

(7) Operation of excavators for ditching and dam construction. 

The amount of land that is is necessary to clear before mining depends 
upon the characteristics of the dragline which is to be used. All timber is 
removed and salvaged where possible. Bulldozers then move in and scrape 
the surface, putting most of the roots, stumps, and brush into piles where 
they are burned. With a walking dragline of considerable size, it is often 
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cheaper to level the area with a bulldozer than with a dragline. Often a bull- 
dozer and dragline will work together on the levelling operation. 

An electrical crew handles the pow'er to and from the dragline. In mining 
a considerable area, a temporary sub-station is set up. Temporary lines 
are then run from the sub-station to transformers constructed on skids. 
A long-flexible cable along the ground delivers the power from this mobile 
sub-station to the dragline. Temporary power lines also run to the pit car 
and to pumps in the pit to keep the bottom of the pit dry during mining 
operations. If the bottom of the pit is not kept dry, there will be considerable 
loss in the recovery of the phosphate matrix. 

Additional settling areas are constructed over and above the area of 
the mined-out pit for settling out the clay slimes in the matrix and for 
the recovery of water for re-use. These dams are constructed and main-, 
tained by the mining department. At the new Noralyn operation of Inter- 
national Minerals and Chemical Corporation, one such area covers about 
480 acres. Operation of this area includes maintenance of the dams and 
operation of spillways to insure clear water overflows. 

The silica tailings from the concentration plant are disposed of in 
dammed-up areas, usually in mined-out pits. The silica tailings are piped 
from the concentration plant to the point of disposal. Water from this area 
is recovered for re-use in most cases. 

Each operation has a considerable number of small excavators, both 
draglines and shovels, for ditching and dam building. These excavators, 
together with miscellaneous tractors, maintain .the operation as a whole. 

Concentration 

General 

Early operations in Florida involved a simple washing and screening 
operation. The matrix was sent to a washer which consisted of screens 
and log washers. When the matrix had been disintegrated, the slimes 
washed out, and the granular material screened on 1 mm, it was found 
that the +1 mm was a saleable grade of phosphate rock. Deposits in the 
area produced this coarse pebble rock having BPL values up to 80 per cent 
with large areas above 72 per cent BPL. 

The fine granular material which passed through 1 mm screens contained 
a large proportion- of the phosphatic values mined. Because of the silica 
present, however, its grade was low and there was no known method for 
concentration. The fines were dumped with the slimes and overburden in 
mined-out areas, Although phosphatic values in the ground were wasted 
with this process, the operations were economical. 

In the early 1920 ’s, experimental work was started to develop a flota- 
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tion process for the concentration of the granular fines ( — 1 mm) then 
being discarded in the field. The first pilot plant was built in 1927 and 
erected in connection with what is now one of the plants of International 
Minerals and Chemical Corporation. The process employed patents de- 
veloped by Broadbridge and Edser in 1925, in which a froth flotation 
process separated the fine phosphate pebbles from the silica sand impurity. 
Trotter and Wilkinson developed this fatty-acid float to a practical point 
for use in flotation cells. This process did not work well on material — 1 mm 
+28 mesh, and in 1929 Chapman and Littleford applied for a patent, 
issued in 1934, covering the agglomerate tabling of this coarser fraction. 

At present there are three processes used in concentrating matrix, namely: 
(1) washing and screening the +1 mm; (2) agglomerate flotation of the 

— 1 nom +28 mesh material; (3) cell flotation of the —28 mesh +200 mesh. 

The screen size distribution of the phosphatic values in the matrix varies 

considerably from one area to another. Some areas have practically no 
phosphatic values in the —1 mm, thus, a simple washing operation is 
justified on such rock. In other areas there will^be considerable phosphatic 
values in the —1 mm +28 mesh but practically none in the “-28 mesh 
fraction and here a washing plus an agglomerate flotation operation on the 

— 1 mm +28 mesh are justified. Where the values extend down into the 
extreme fines, the three operations are combined. 

Washing 

The washing operation starts when the matrix is delivered from the 
pipeline transporting it from the mine. This pulp contains some mud balls 
and lime rock up to 8 inches in diameter. It is necessary for the coarse 
mud balls and the lime rock to be disintegrated before further processing. 
It is usual to discharge the matrix into a screen tub launder with a 1-mm 
slotted flat screen in the bottom. A large proportion of the slimes, fines, 
and water will immediately pass through this screen. The coarser material 
is delivered to a trommel which removes everything +2 inches. At the 
present time, it is fairly general practice in the field to break down this 
oversize material by the use of hammermills. The reduced product is 
then returned to the head of the washer. All of the washer reject will pass 
through the 1-mm flat screens. 

There is a considerable amount of mud balls mixed in with the coarse 
phosphate pebble and these must be broken down and washed out. Log 
washers in series are used for this process. One log washer discharge often 
goes to a second log washer in series, A typical washer flow sheet is shown 
in Figure 5. This is the flow sheet of the Yarn washer of Swift and Company. 

Most washers deliver two wet products to final shipping bins: (1) a 
-I inch, +1 inch and (2) a -f inch + I mm. In general, the finer 
pebble product is of considerably higher grade. 


FLORIDA PEBBLE PHOSPHATE 
Concentration of Fines, General 


The discharge through the 1-mm screens from the washer, called the 
washer debris, contains all the clay slimes in the matrix, the silica sand, 



Figuee 5. A typical washer flow sheet in the Florida pebble phosphate fields. 


— 1 mm, and the phosphate pebbles, mm. For further concentration, 
it is necessary to remove the slimes since they have a very adverse effect 
on flotation reagents. These particles are very fine, have a large surface 
and tend to absorb the reagent, making reagent cost prohibitive. 

The slimes contain phosphatic values and run between 20 and 30 per 
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cent BPL, The phosphatic values are present as finely divided cellophane, 
(this is the name of the mineral making up the phosphatic pebble), iron 
phosphate, and aluminum phosphate. Also present are very finely divided 
silica and numerous decomposition products from feldspars and clay min- 
erals. No economic method of concentrating the phosphatic values in the 
slimes has, as yet, been proposed. A fairly large proportion of the phosphate 
in the matrix is discarded in this slime fraction. It is quite usual for the 
slimes to contain 25 per cent or more of the values. Research programs 
are being carried out at the present time for handling these slimes. 

The processing of the washer debris consists of the removal of the slimes. 
This is usually done in the field in one of three ways: 

(1) The washer debris is sent to a large diameter hydroseparator where 
the slimes, —200 mesh, overflow or, 

(2) The fines are sent to a small diameter tank or hydroseparator, where 
the coarser fraction of the fines is removed, and the overflow of the 
small hydroseparator or tank, containing a reduced tonnage, is sent 
to a large diameter hydroseparator for recovery of all values +200 
mesh. 

(3) The washer debris is sent to a multiple unit cone classifier which 
separates the —200 mesh slimes from the values and discharges the 
values at high percent solids. 

One operation does not use a large diameter hydroseparator for recovery 
of the finer fraction but sends this material to recovery pits where these 
values are caught and ultimately mined. 

No matter which method is used, the settled portion still contains a 
considerable quantity of slimes. As many stages of further desliming as 
are necessary to produce a proper flotation feed follow. Most of these 
desliming processes consist of dewatering, repulping with additional clean 
water, and mixing, followed by subsequent dewatering. Dorr rake classifiers 
and Akins screw classifiers are standard types of dewatering and desliming 
equipment. Hydroseparators are used where large quantities of material 
are to be dewatered. The deshming operation is responsible for the major 
portion of the large gallonage of water used in the phosphate concentrating 
operations. 

The size of the primary desliming hydroseparator varies with the size 
of the phosphate particles to be recovered. A small hydroseparator or v-box 
tank is used if +48 or +28 mesh is to be recovered. The fine granular 
fraction is then discarded to the mud pond with the slimes. 

It is necessary to have between 1 and 2 acres of mined-out pit or settling 
area for every acre of matrix mined. The exact amount depends consider- 
ably upon t^ quantity of slime present and the settling characteristics of 
the slime. 
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Sizing 

When primary desliming is completed, it is necessary to size the product 
at approximately 28 mesh to get adequate recovery. The coarser fraction 
is sent for agglomerate processing while the fine fraction is sent to the 
flotation cells. The most general method of sizing is by use of Fahrenwald 
upward-current classifiers. These classifiers are usually preceded by a pri- 
mary removal of fines by straight water classification. This is accom- 



Figure 6. Recovery of phosphate from various sizes of flotation feed. 


plished either by a small diameter hydroseparator or through rake or 
screw classifiers. 

There is a considerable and varying amount of white, chalky phosphate 
which is fairly porous and has an apparent specific gravity considerably 
lighter than the rest of the material. This fraction will tend to flow over the 
Fahrenwald sizer, thus giving a bad sizing effect. Water classification on 
this type of material will not give proper sizing. Screens are used in some 
operations for sizing. They displaced the Fahrenwald sizer at the Noralyn 
plant of International Minerals and Chemical Corporation. 

Proper sizing is quite essential to good recovery in both the agglomerate 
operation and the froth flotation process. Figure 6 shows the recovery of 
values in a flotation cell plotted against the screen size of the particles. 
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It can be easily seen that +28 mesh will be lost in the tails in this operation. 
Similarly, it is difficult to recover fines adequately when using the ag- 
glomerate process on the coarse material. 

Concentration of the Coarse Fraction 

There are several methods for treating the — 1 mm + 28 mesh fraction. 
Three of these processes involve an agglomerate float, while the other 
depends upon developing a gravity and friction difference in a Humphrey 
spiral. These processes are as follows: 

(1) Agglomerate tabling (as originally used by Phosphate Recovery 
Corporation). 

(2) Underwater screening (as originally used by Swift and Company). 

(3) Spray belts (as originally used by Coronet Phosphate Company). 

(4) Gravity separation of reagentized feed in a Humphrey spiral (as orig- 
inally used by International Minerals and Chemical Corporation). 

In all of these processes, the feed is dewatered to 60 to 75 per cent solids. 
The feed is then conditioned with reagents at high per cent solids, followed 
by separation. 

The reagents used are caustic soda (the pH of this operation is held at 
about 9), fatty acid, kerosene, and approximately a 22°B4 fuel oil. It has 
been found economical to use tall oil, produced by the wood, paper and 
pulp industry, as the cource of fatty acid. This material as delivered will 
run 45 to 55 per cent free fatty acid, with another 35 per cent content 
of rosin acids. The tall oil is delivered in tank car lots. It is an extremely 
viscous material, and a light fuel oil is added as it is removed from the tank 
car in order to decrease the viscosity so the material can be pumped. Both 
the tall oil and the heavy fuel oil are kept warm (approximately 140°F) 
to aid in pumping through the plant for reagent addition. 

The caustic is added as a solution. The strength of this solution depends 
upon the quantity being used and the desire of the particular operators. 
Caustic is bought in drums or as liquid caustic in tank cars and mixed to 
the desired solution strength. On a basis of pounds of reagent per ton of 
feed, the following approximate amounts are in general use: caustic, 0.4 
to 0.8 pounds; kerosene, 1 to 3 pounds; fuel oil, 0.5 to 2 pounds; and fatty 
acid, 0.75 to 1.5 pounds. 

The addition of reagents must be made to a high per cent of solids feed. 
If the reagents are added to a low per cent solids pulp, the oils simply 
float on top of the pulp without being adequately mixed. Figure 7 shows 
the per cent solids in the feed at the time of reagentizing vs. per cent 
recovery of the phosphatic values. From this, it becomes obvious that about 
65 per cent solids are necessary for good operation. 

There are in general two types of mixing conditioners used. One is the 
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standard vertical mixing tank with a cruciform impeller. These tanks are in 
series to prevent short-circuiting and to give adequate time of mixing. 
The other is a horizontal rotary drum with flights for lifting the feed 
similar to those used in a drier. This will rotate at a rather slow rate of 
speed, mixing the pulp and the reagents. It is a general practice to use 
the rotary drum mixer for the coarser feeds and the vertical type with 
impeller on the flotation cell feed. The coarseness of the agglomerate feed. 



% SOLIDS 

Figure 7. 


requires high-speed impeller operation, which results in considerable power 
consumption. Mechanically, the drum mixer works better on the coarse 
feed. 

Figure 8 shows the agglomerate tabling floor at one of Davison Chemical 
Corporation’s plants. In this process, the high per cent solids reagentized 
feed is delivered to a distributor at a constant rate and diluted to about 
35 per cent solids. This is run to a standard shaking riffled table. The 
reagentized phosphate particles form agglomerate floes and make a skin 
float across the surface of the table. The silica sand particles drop to the 
face of the table and are delivered as a tailing product to the end of the 
table. The silica is thus delivered at the point where on a gravity separation 
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■the high gravity material would discharge. It is usual to have a concentrate 
a middling product, and a tail from each table. The middling product is 
then circulated in the system. 

In the underwater screening system used by Swift and Company "the 
reagentized feed is brought in above a stationary slanting 14-mesh screen 
which is underwater. The agglomerate phosphate floes are too large to 
pass through the screen, while the silica particles, which are not agglom- 


^ {Courtesy of Davison Chemical Corporation) 

rKiURE S. Agglomerate tabling of pebble phosphate; interior view of plant of the 
Davison Chemical Corporation. 


crated, pass through the screen to the tailings draw spigot. At one of the 
Coronet Phosphate Company’s plants the reagentized feed at high per 
cent solids is dropped on a fiat traveling conveyor belt. Sprays aerate the 
material on the belt and wash the flocculated phosphate values over the 
sides of the belt, where they are collected as a concentrate. The silica 
sand remains on the belt and passes through as a tailings product. 

Figure 9 shows a spiral installation at the Noralyn plant of International 
Minerals and Chemical Corporation. In this process, only enough reagent 
IS added to change the apparent specific gravity of the phosphate particles 
slightly and alter the friction characteristics of the phosphate as compared 
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to the silica particles. In passing down through the spiral, the silica particles 
ot higher apparent specific gravity and greater friction will be slowed down 
by the spira,! ^rface and delivered to the tailings port. The phosphate con- 
centrate IS delivered as the spiral discharge. 

In all of these processes, various complex flow sheets for rehandling cer- 
eom^a^ny^^** maybe developed, dependingupon the desire of the operating 
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concentrators employed in recovering pebble phos- 


Flotation Cell Concentration 


Treatment of the -28 mesh fraction is pretty well standardized in the 
phosphate field. This fraction must be conditioned with reagents at high 
per cent solids just as the coarser fraction. Proper desliming is essential to 
low reagent cost and high recovery. In general, the cell feed is reagentized 
TOth 0 3 to 0.6 pounds per ton of caustic soda (the pH of the operation is 
held at about 8.6), 4 to 5 pounds per ton of 22°B6 fuel oil, and 0.4 to 1.25 
Pounds_per ton of fatty acW. Kerosene is also used in some operations tc a 
mmor degree. The reagentized fines are diluted to about 30 to 35 per cent 
solids and floated m standard cells. The rougher float is usually carried out 
m afour-mit cell bank, since the time for phosphate flotation is quite short, 
^it IS difheult to obtain a high grade concentrate and good recovery in 
the same operation. If good recovery is obtained, the concentrate is fairly 
low grade. The low-grade concentrate is then cleaned in cleaner cells which 
may be of a four or six unit cell bank. With a straight fatty acid float it 
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is unusual to get less than a 5 to 7 per cent silica in the final concentrate 
and make good recoveries. 

In 1942 Arthur Crago developed a double flotation process in which the 
fatty acid concentrate was subjected to treatment with sulfuric acid to 
remove oils and fatty acid. After this treatment, the concentrate was washed 
and subjected to a flotation process using amine as a reagent. In this opera- 
tion, silica was floated away from the phosphate leaving a high grade 
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Figube 10. Effect of per cent solids in the acid mixture on the consumption of 


sulfuric acid required for efficient removal of fatty acid reagents. 


concentrate. This double float has become the accepted method in the 
field for producing concentrates of highest practical grade. 

To get ultimate recovery and highest grade, the double float is essential. 
An improvement can be made on the recovery by the use of stage addition 
of reagents in the rougher operation. Inasmuch as the reagents have to be 
added through conditioning at high per cent solids, it is necessary to de- 
water the rougher tails before reagentizing and re-treating. 

Figure 10 shows the effect of per cent solids in the acid mixture on the 
sulfuric acid consumption for efficient dewatering. It is quite obvious 
that high per cent solids give optimum results. 
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After acid has been mixed with pulp, it is necessary to wash out both the 
acid and the oily water from contact with the solids to minimum amine 
requirements and optimum grade in the amine float. 

It is not necessary to condition the phosphate rock in the amine float. 
Carefully washed and dewatered feed is dropped into a six-unit cell amine 
flotation circuit with fresh water. The float is maintained at about 30 per 
cent solids. The reagents for this float are added to the first cell and the 
silica is removed in the six-cell bank. The optimum pH for this operation is 
approximately 7.8. Thus, it is necessary to add enough caustic to hold this 
concentration. 

The amount of amine consumed per ton of original feed will vary con- 
siderably with the amount of slime in the feed. Some silica has a fresh 
surface readily floated, while in other areas such flotation is more difficult. 
In general, the amount used will vary from 0.15 to 0.5 of a pound of amine 
per ton of final concentrate produced. 

The amine reagent is added as a water solution. The strength of this 
solution will depend upon the tonnage being treated and th% desires of the 
operators. The solution is kept hot, otherwise the amine will drop out of 
solution and coat the pipe through which it is transported. 

The screen analysis of the silica in the feed to the amine section will 
also materially affect the reagent consumption. Figure 11 shows the re- 
agent consumption vs. the screen analysis of the silica in the feed. It is 
uneconomical to float the coarser fractions in a flotation cell. 

The final concentrate is dewatered and placed in shipping bins. From 
the shipping bins, it is loaded into railroad cars or conveyor belts and sent 
to wet storage facilities. 

Figure 12 is an aerial view of the Noralyn plant, which is capable of put- 
ting out a million and a half tons a year of high-grade product. 

Drying 

General 

From 85 to 90 per cent of all phosphate shipments from the Florida field 
are used in the fertilizer industry. Such shipments must eventually be 
ground and acidulated for either superphosphate or triple superphosphate 
or be finely ground for direct application to the soil. Some shipments of 
wet phosphate are made for use as furnace burden in the electric furnace 
production of phosphorus. The superphosphate plants throughout the 
country are in general equipped with grinding facilities for handling dried 
phosphate for the production of superphosphate. The phosphate industry 
must therefore ship a dried product to such plants. 

After the pebble or concentrate has been produced, it is shipped to wet 
storage before drying. It is customary to keep considerable quantities of 
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wet phosphate on hand as a buffer between production and shipping. There 
is some storage of dried rock, but this is insignificant compared to wet-rock 
storage facilities. Figure 13 shows a wet-rock storage with trestle facilities. 
The phosphate is stored along the trestle according to grades and is re- 
covered by a conveyor belt in a tunnel underneath the trestle. Rock of 
desired grade is drawn from the pile, deposited on the belt, and elevated to 
the proper feed bin ahead of the drier. 



-14 +20 -20+28 -28+35 -35+48 -48+65 -65+100 

SCREEN ANALYSIS 

Figure 11. Reagent consumption vs. screen analysis of silica in the feed in the 
flotation of silica. 

Drying Operations 

Just as there has been a gradual change in the industry in mining and 
concentrating equipment, there has been also a change in the type of drying 
equipment. In recent years drying has been done entirely with rotary kiln 
driers. When these were first introduced in the phosphate field, the practice 
was to have a battery of small driers to handle 10 to 12 tons an hour. One 
plant had 12 such driers to handle 100 to 120 tons an hour. 

Today the trend is toward installation of one large dryer to handle the 
same tonnage; American Agricultural Chemical Corporation recently in- 
stalled a large drier as have American Cyanamid and Chemical Corporatioh 
and Swift and Company. Figure 14 shows an installation at the Noralyn 
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{Courtesy of Int. Minerals & Chem. Corp.) 

Figuee 13. Trestle for distributing washed pebble phosphate to storage piles. 
This rock is later taken to the dryer and finally to dried rock bins from which it is 
drawn for shipment. 


(Courtesy of Int Min&raU & Chem, Corp.) 
Figxjee 14. Rotary cylindrical dryer for reducing moisture content of pebble 
phosphate preparatory to shipment. 


plant of International Minerals and Chemical Corporation of an 8 by 80 
foot dryer. The use of single large dryers has increased the efficiency and 
has cut the cost substantially. 
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Since the feed to the dryer is taken from wet storage, the moisture content 
will vary with the weather. During the summertime when heavy rains fall 
nearly every afternoon, the content may be as high as 15 per cent. However, 
long period averages indicate approximately 11 to 12 per cent as an average 
moisture in concentrate feed. 

The moisture in the coarse pebble rock will be higher. Because of the 
longer time required to dry the coarser pebble, a drier will have less capacity 
drying coarse pebble than when drying concentrates. Phosphate shipped 
ordinarily carries a guarantee of a maximum of 3 per cent moisture. 

All driers in the phosphate field are operated on Bunker C fuel oil. The 
consumption of fuel oil per ton of rock dried will vary with the drier in- 
stallation and with the percentage of coarse pebble in the material. A drying 
plant includes the auxiliaries such as the boiler for preheating the fuel oil, 
the dust collection system, and the auxiliary conveyors and elevators. 
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6. The Phosphates of Tennessee 

O. Charles Chapman 

Metallurgist, Virginia Carolina Chemical Corporation 

Tennessee has maintained a position second only to Florida in the produc- 
tion of phosphate rock. Much work has been done in these fields and nu- 
merous , valuable historical, geological and technical articles have been 
published on these deposits^- A brief description of the deposits, 

their mode of occurrence, and the system of mining and beneficiating 
employed is given in this chapter in order to show their economic relation 
to industries using this mineral as a raw material. 

The development of other processes for producing phosphoric acid and 
elemental phosphorus has now placed Tennessee phosphates in a position 
where they are only partly dependent on the fertilizer industry for a market. 
Large supplies of low cost power have attracted to the Tennessee phosphate 
field a relatively new and highly important supplement to the fertilizer 
industry in the form of electric furnace plants for the production of ele- 
mental phosphorus. Since such plants can utilize lower grade rock than is 
considered suitable for the manufacture of phosphatic fertilizers by the 
conventional acid process, the life of the Tennessee fields has been greatly 
prolonged. 

Tennessee is well situated for the distribution of fertilizer material to 
the southern and middle western states and is conveniently near the 
manufacturing industries consuming large quantities of phosphorus, phos- 
phoric acid and phosphates. Its phosphate deposits occur in what is known 
as the Central Basin of Tennessee (elevation 600 feet) and in the valleys 
of the western part of the Highland Rim (elevation 1,000 feet) surrounding 
the basin, an area of approximately 7,000 scjuare miles of gently undulating 
country. The phosphate deposits have been developed in the western part 
of this area, and only a portion has potential phosphate-producing value. 
The mines producing at present lie in Maury, Giles, and Hickman Counties, 
but deposits have also been mined in Davidson, Lewis, Perry, Sumner, and 
Williamson Counties. The main streams in the phosphate region are the 
Cumberland, Duck, and Tennessee Rivers, but there are several creeks and 
tributaries of the Duck River that are important sources of water supply 
for mining and washing the rock. The phosphate area is served by one 
railroad, but good county and state roads enable motor vehicles to operate 
freely in the district. 


72 


THE PHOSPHATES OF TENNESSEE 


73 


There are four types of phosphate rock in Tennessee, namely, nodular 
(or kidney), brown, blue, and white phosphate. Nodular phosphate has no 
economic importance despite the fact that it was the first type to have been 
identified (1888) as a phosphate mineral in Tennessee. Blue and white 
phosphates are not being mined at this time, although they have future 
economic possibilities. 

Brown Rock Phosphate 

All of the Tennessee brown rock phosphate occurs in rocks of Ordovician 
Age, but there are numerous phosphate horizons in this series which 
frequently occur so close together that they may be mined as a single bed. 
According to Hayes and Ulrich^ the stratagraphic succession of the phos- 
phate-bearing formations are given in Table 1. 

Brown rock is believed to be residual deposits left from the weathering 
of phosphatic limestone once existing in overlying formations. When these 
formations were close enough to the land surface to be within the sphere 
of weathering agencies, the more soluble limestone was leached out by per- 
colating water, leaving a residue in which the less soluble fluoapatite was 
concentrated in proportion to the limestone removed. In most cases, the 
remaining CaCOa is low, indicating that this phase of the natural concen- 
trating process was essentially complete. There are many evidences of 
secondary enrichment in the area, but the quantity of phosphate is rela- 
tively small. 

Two distinct forms of deposits have been recognized, namely, collar 
(hat band) and blanket deposits. The first type occurs as remanents of the 
horizontal phosphatic limestone stratum outcrop on the slope of a steep 
hill. Under these conditions', the parent rock has been leached at the 
outcrop and the core of the hill unaffected by percolating waters. These 
deposits seldom, if ever, are traceable through the hill and rapidly decrease 
in thickness as mining progresses away from the outcrop. The blanket 
deposits, on the other hand, sometimes cover wide areas and usually lie 
near the surface of gently undulating hills where the underdrainage has been 
favorable to the action of percolating waters. i, Ray orable conditions for the 
formation of this type deposit exist in Maury County near Mt. Pleasant 
and in Williamson County near Franklin. The Williamson County deposits 
generally are quite sandy and contain very little phosphate cemented into 
lump form. The brown phosphate varies in color from a light gray to a deep 
chocolate brown and in texture from a porous rock disintegrating into 
phosphatic sand to a hard close grained rock quite resistant to weathering. 
On the average, however, the matrix, as it is now commonly called, consists 
of brown to gray plates mixed with larger quantities of gray to red and 
brown phosphatic sand and clay. This matrix ranges in thickness from a 
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few inches to 20 or 45 feet with an average of from 6 to 8 feet. The over- 
burden varies considerably in places, even in the same deposit, and mining 
is usually discontinued when the ratio of overburden to phosphate exceeds 
5tol. 

Prospecting! 

Brown rock values were formerly estimated by sinking a few carefully 
located pits about 3 by 5 feet in size, sampling the exposed matrix, and 
using a large factor of safety in the subsequent calculations. Later, 4-inch 
post hole augers were used, strengthened by reinforcing the lower cutter 
edges and operated by hand. 

Since World War II, manually operated drilling has proved too costly 
and portable motor-driven drills have been adopted. Two types of power 


Table 1. Geologic Fokmations in West -Central Tennessee Which Carry 
Brown Rock Phosphate 


Age 


Ordovician 


Formation 

Leipers formation 
Catheys formation 
* 

Bigby limestone 
Hermitage formation 


County Where Found 

Lewis, Hickman, Sumner 
Maury, Hickman (unimportant) 


Maury, Giles 

Maury, Williamson, Davidson 


* According to R. W. Smith of the Tennessee Geological Survey, a formation known 
as the Cannon occurs between the Bigby and the Catheys formations which has 
given rise to several important phosphate deposits in Williamson and Davidson 
Counties. 


drills, both truck mounted, are being used. One has an angering bit and 
stem which may be used either with or without casing. Much of the sample 
is conveyed to the surface by this machine and the rest of the cuttings ele- 
vated with the tools when the hole has been completed. This drill is fast 
and excels in drilhng through overburden. Several types of tools are avail- 
able and satisfactory results may be expected when used by skilled opera- 
tors. The other drill, designed for geological investigations of oil structures, 
can operate wet or dry, and is provided with a greater variety of attach- 
ments and bits. It may be used to take a core sample in either hard or 
soft material and its most attractive feature is the ability to sample the 
matrix with a minimum of contamination from overburden when used in 
an uncased hole. The core barrel may be either 5 or 10 feet in length, and 
although the string of tools must be pulled and the core recovered more 
often than the angering type, a more representative sample is obtained 
with this method. 

It is customary to sample the matrix shown in the holes at 4-foot inter- 
vals. Washing tests and chemical analyses are then run on composite 
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samples and from these data the total tonnage and grade of the denosit 
m a given area are calculated. Areas where the depth of the overburden 
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Figuri, 3. Flow sheet phosphate washing process in Tennessee. 
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Mining and Beneficiation 

For a number of years after the discovery of these deposits, mining 
methods employed were both crude and wasteful, no attempt being made 
to recover anything but the highest grade plate rock. As the available 
supply of such plate rock diminished, however, advances were made in 
both mining and beneficiating phosphate sand and greater efficiency was 
attained^’ 

Just prior to and during the early years when the electric furnace in- 
dustry was being established in Tennessee, froth flotation methods were 


{Courtesy of Monsanto Chemical Co.) 

Figure 4. Strip mining of Tennessee phosphate rock. The upper dragline is strip- 
ping off the overburden, while the lower dragline is mining the phosphate strata thus 
exposed. 


employed to concentrate low-grade phosphate sands. When it was found 
that much of this siliceous phosphate could be used directly in electric 
furnaces to produce elemental phosphorus, beneficiation of this low-grade 
material by flotation was largely abandoned. The bulk of the deslimed 
phosphatic sand on which the flotation process works best has now been 
diverted to furnace use although an appreciable tonnage is ground (90 per 
cent through a 200-mesh screen) for direct application to the field. Three 
grades of phosphate now find ready markets: fertilizer and acid grade, 
68 to 74 per cent BPL ; ground rock for direct application, 66 per cent BPL; 
and furnace grade, 50 to 60 per cent BPL. 

Under present conditions,' the overburden is first, stripped by means of a 
dragline and the phosphate strata exposed is removed by a dragline in 
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much the same way that Florida pebble phosphate is handled. It is common 
practice to remove the overburden well in advance of mining by using two 
draglines simultaneously. 

The phosphate matrix, consisting of varying proportions of lump rock 
and phosphatic sands, ia mined and transported to the washer by truck, 
tram, railway, or pumped as a slurry of water and matrix. The majority of 
the companies transport by truck or contract for haulage by privately 
owned dump trucks. Several of the companies are experimenting with and 
using trucks capable of handling 10 or more yards, but practically all of the 
contract haulage is in 2 to 4 yard units. Figure 3 shows a flow sheet of the 
TVA washing plants, one of the most recent installations in the field. It 
contains many features and mechanical devices common to other plants. 
Matrix is mined and delivered by the dragline bucket to a portable hammer- 
mill, water is added, and the crushed slurry is caught in an open sump dug 
near the hammermilL A centrifugal pump sucks the slurry from the sump 
and delivers it by means of a steel pipeline to a screen at the washing plant. 
The oversize goes to a ball mill operated as a scrubber and having a trommel 
screen attached to the discharge end. Any oversize from this screen goes 
to a similar ball mill installation provided with a belt conveyor, keeping 
the oversize in closed circuit until satisfactorily disintegrated. No steel 
balls are used in these mills as they tend to slime the soft phosphate, and 
very satisfactory results have been attained by using the occasional lumps 
of limestone, chert, and phosphate normally found in the matrix as grinding 
media. When the load of limestone and chert becomes excessive, the mill 
is dumped by removing the manhole cover and rotating the mill a few 
turns. The fines passing the first screen and those in the ball mills collect 
in a sump and are pumped to a sand washer which mechanically separates 
the pebble rock and sand at about 60 mesh. The —60 mesh sands, together 
with most of the water, flow to^a hydroseparator. The finely divided clay 
and very small particles of phosphate gradually work to and overflow 
a level baffle around the circumference of the tank and are drained by 
gravity or pumped to mud ponds as a waste product. The larger phosphate 
and silica sands settle to the bottom of the hydroseparator, are plowed to 
a central bottom discharge, and after being continuously mixed with the 
pebble product from the sand washer are pumped to the classifying plant 
at another location. The 8-inch steel pipeline between these plants is ap- 
proximately 16,000 feet long and is equipped with three motor-driven 
centrifugal pumps. Two pumps are placed near the hydroseparator and 
by-passes are provided in the line so that either may operate independently 
of the other. A third centrifugal pump, essentially a booster pump is placed 
about one-third of the way along the pipeline toward the classifiers. This 
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combination enables continuous pumping, even though one pump unit 
may be out of use for maintenance or other reasons. 

The classification plant consists of a rake, bowl, and centrifugal-type 
classifiers. Three sand products ranging in size from minus 1 inch to plus 
ten microns are regularly recovered. The products from the rake and bowl 
classifier are collected in conical piles for 24 hours and then removed by an 
electric track crane to an open storage yard. The product from the centrif- 
ugal classifier is too wet and the particle size too small to pile immediately 
after recovery, so it is collected in a concrete sump. Water is decanted and 


{Courtesy of Monsanto Chemical Co.) 

Figuke 5. Scrap mining. This is a view of an area near Mt. Pleasant, Tennessee, 
that was thought to be mined out. The dragline is now remining the richer sections 
and the matrix is hauled by truck, shown in the background, to a washing plant. 
This is now an uncommon practice in Tennessee. 

the thick settled sand removed daily to storage by a clam-shell bucket. 
The feed to the centrifugal classifier is the underflow from a hydroseparator 
which, in turn, is fed by the bowl classifier overflow. Until the market was 
established for electric furnace feed, this fine material would not have been 
worth saving, and no attempt was made to recover particle sizes smaller 
than 200 mesh. Higher grade concentrates which are suitable for fertilizer, 
purposes, either as ground rock for direct application or to be acidulated, 
are dried in rotary kilns using coal as fuel. Electric furnace feed is prepared 
by blending raw matrix with low-grade washed sands without drying. The 
material is then sent to either sintering machines or nodulizing kilns where 
it is dried and agglomerated, screened, and held in dry storage until charged 
to the furnaces. 
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Probably more than half of the phosphate mined in Tenn( 
locally by the three electric furnace operations, two of whici 
installed m the heart of the producing area, while the third 
miles away in northern Alabama. 

Larger quantities of iron and aluminum oxides are acceptabL 
furnace treatment than phosphate rock which is to be aciduf 
former case, however, practically all the iron in the charge is 
errophosphorus, for which there is a limited 
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Blue Phosphate 

Blue rock was first identified as a phosphate ore in 1893. The discovery 
was made on Swan Creek at a point about 22 miles west of Columbia. 
Smith and Whitlatch^® describe it as follows: 

‘‘The blue rock phosphate is an unaltered phosphatic portion of the 
Hardin sandstone member of the Chattanooga shale of basal Mississippian 
age. It occurs in Hickman, Lewis, and Maury Counties along the edge of 
the Highland Rim on the southwest side of the Central Basin; areas of 
less commercial importance occur in Perry and Wayne Counties. Its thick- 
ness varies from a few inches to three or four feet. The composition of 
the rock ranges from a somewhat phosphatic shale or sandstone to a dense, 
highly phosphatic rock.The richest blue rock is often oolitic-like in ap- 
pearance. The shaly and conglomerate varieties are too low in grade to 
be of much current economic value. They are shales, sandstones, and con- 
glomerates with a phosphatic content up to 45 or 50 per cent BPL and repre- 
sent gradations between commercial blue phosphates and the ordinary 
Hardin sandstone. The oolitic and compact varieties of blue phosphate 
may contain up to 75 per cent BPL but their general average is 65 per cent. 
The term ‘blue rock’ is applied even when the rock is gray or brown in 
color.” 

The last large producer of blue rock suspended operations in 1937 and 
since that time there has been no blue rock production of consequence. 
Early mining consisted largely of removing the exposed blue rock where 
it outcropped along the stream beds. When the rock overburden became too 
thick to handle at low expense, operations were abandoned. Later tunnels 
and cross cuta were driven underground and the ore removed in a manner 
similar to the room-and-pillar system used in small coal mines^^. Heavy 
piston machine drills were used to make a top cut and the phosphate seam 
shot by drilling in or just below the seam and breaking to the cut. Mucking 
was done by hand into small tram cars which were drawn to the surface 
by mules or pushed by hand. The total blue rock produced in Tennessee 
since its discovery is estimated at about 1,500,000 tons. 

Recently blue rock has been experimentally concentrated^ and most 
authorities, who have estimated phosphate reserves in the state, agree 
that a large part of the remaining phosphate reserves in Tennessee is in 
the form of blue rock. Interest has been renewed to the extent that definite 
plans have been made and modern core drilling equipment purchased to 
prospect certain deposits on a more comprehensive scale than has here- 
tofore been thought advisable. 

White Phosphates 

White phosphates have been found in Perry, Decatur, and Johnson 
Counties in Tennessee. Exploitation on a small scale has been done in Perry 
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and Decatur Counties^- ® while that in Johnson County, after more thorough 
examination, has proved of little economic importance. This type phos- 
phate is of Tertiary or post-Tertiary Age and is of secondary origin. Hayes^ 
describes three classes, namely, the stony, breccia, and lamellar varieties, 
the last mentioned being the richest and most plentiful. Much of the 
white phosphate of Tennessee resembles the hard rock phosphate of Florida, 
and occurs in irregular pockets along with clay and other foreign material. 
The breccia variety consists of chert fragments imbedded in matrix of high 
grade phosphate, while the stony phosphate consists of siliceous skeletons 
formerly filled with carbonate of lime, but now containing phosphate. Both 
of these varieties must be freed of the associated chert in order to yield a 
commercial product, but up to the present the cost of effecting such a 
separation has not warranted their exploitation. The lamellar variety of 
white phosphate, however, is a high grade material occurring in plates 
of various thickness, frequently pink or red in color and cemented together, 
forming large boulders. The rock is close grained, hard, and often coated 
with a thin lustrous layer of precipitated phosphate locally called turkey 
fat. Picked samples of lamellar phosphate may contain 85 per cent or more 
of bone phosphate of lime and it has been mined in carload lots containing 
from 70 to 78 per cent BPL. 

While no development work is being conducted in white phosphate fields 
at present, the rock was formerly mined by both open-cut and underground 
methods. The former method was employed wherever the character and 
depth of the overburden would permit, but the overburden was frequently 
so heavy as to render its removal unpracticable by hand or mule-drawn 
scraper and underground methods were used. Owing to the loose, and 
frequently wet character of the overlying clay, extensive timbering was 
required, which added considerably to the cost of production. 

Tennessee white rock exploitation ceased in 1908 but was revived for a 
time when the Tennessee Valley Authority resumed open-pit mining in 
Perry County in 1934 by use of a diesel-driven power shovel. The rock was 
selectively mined and sun dried; the clay either fell free from the phosphate 
or was largely eliminated by hand labor and coarse screening. The rock was 
shipped in barges up the Tennessee River to Wilson Dam. This last opera- 
tion was seasonal but the small quantities of rock found in the deposits, 
together with the difficulty of finding new ones closed down the operation 
in 1936. In all, about 25,000 tons of white phosphate have been mined to 
date, of which more than 15,000 tons were produced by the TVA^s venture 
in this field. 
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7. Western Phosphates 

E. M. Norris 

Consulting Engineer^ Chula Vista^ California 
Introduction 

The western or Rocky Mountain phosphate field embraces outcrops of 
phosphate-bearing rocks covering an area of 100,000 square miles in por- 
tions of Idaho, Montana, Nevada, Utah and Wyoming. Reserves of mine- 
able high-grade rock (31.5 per cent P2O5) have been estimated at 
7,985,000,000 long tons®. This estimate includes all rock lying at depths 
less than 5,000 feet below the surface. A recent preliminary estimate has 
been made that not more than 1,000,000,000 tons of the above reserve lie 
in deposits considered to be economically mineable under present practices 
(i.e., above adit level)®. Reserves of low-grade rock (phosphatic shales), 
roughly estimated in terms of tens of billion tons, have not been computed. 

The first discovery of phosphate rock was recorded in Cache County, 
Utah, in 1889. Mining was begun on the western deposits near Montpelier 
in 1906. Early mining operations were confined to the deposits in the Bear 
River region of Idaho, Utah and Wyoming because of their richness and 
proximity to railroad transportation. 

Although the extent of the western deposits was approximately outlined 
by geological studies made by the United States Geological Survey during 
the period 1906 to 1927, commercial development progressed slowly be- 
cause of relatively high transportation costs to fertilizer markets. As de- 
ficiences of available phosphate were discovered in the cultivated soils of 
the intermountain and western coastal states, a western market for phos- 
phate fertilizer was developed and the tempo of western phosphate mining 
operations increased rapidly during the past twelve years (Figure 1). 

The western field is now producing approximately 10 per cent of the 
total United States phosphate rock, as compared to 2.3 per cent produced 
in 1936. 

Character AND Thickness of Deposits 

The western phosphate deposits are of sedimentary origin and lie at two 
distinct geological horizons, one in the upper Mississippian and the other 
in the Permian. Only the latter are of sufficient thickness and grade to be 
of economic importance at the present time. The beds were originally 
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deposited in horizontal or nearly horizontal layers but have been severely 
folded and faulted by crustal deformations during the Cretaceous Period. 
Local sections now dip at any angle from nearly horizontal to vertical. 
Subsequent erosion has exposed the phosphate-bearing formations in nar- 
row bands along the flanks of the simpler folds or as irregular fringes in the 



Figube 1. Production of phosphate rock from Idaho, Montana, Wyoming and 
Utah during the years 1906 to 1948 inclusive. Compiled from U. S. Bureau of Mines 
Statistics. 

more complex folded and faulted areas. The geologic structure of the eastern 
portion of the Permian deposits in Wyoming and eastern Utah is charac- 
terized by gently dipping and widely spaced folds in which faulting move- 
ments have been comparatively infrequent. In the western portion of this 
field the structure becomes more complex. Sharp folds are closely spaced 
and often overturned. The beds dip steeply and faults of large and small 
displacement are frequent. Occasionally the beds are doubled up or thinned 
out by the effect of compressive forces of folding and the resultant strike 
faulting. 
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The Permian Phosphoria formation contains two distinct lithologic units. 
The upper unit, known as the Rex Chert member of the Phosphoria, con- 
sists mainly of massive siliceous limestones and cherts, sometimes grading 
to quartzite and conglomeratic phosphatic chert in western Montana. This 
unit varies from approximately 40 to 550 feet in thickness, and is generally 
characterized by massive siliceous rocks that are resistant to weathering 
and often form bold outcrops which serve as a marker element for the 
Phosphoria series. The Rex Chert contains traces of phosphate throughout 
its thickness and occasionally higher grade material occurs in thin seams. 
The lower unit, known as the Phosphatic Shale member of the Phosphoria 
in southeast Idaho and adjoining areas, consists of a sequence of seams of 
oolitic phosphate rock, phosphatic shales and other marine sedimentary 
layers, the whole sequence varying in thickness from approximately 25 to 
200 feet. The Phosphoria shales are generally soft, thin-bedded, and non- 
resistant to weathering. Their outcrops are characterized by erosion gullies 
and depressions. The phosphatic shales vary in thickness, phosphate con- 
tent and chemical composition throughout the field. Of the developed or 
partly developed areas, the Bear River region in southeastern Idaho and 
adjoining parts of Wyoming and Utah contain the thickest and higher 
grade deposits. Here the Phosphatic Shale member has a thickness of 
from 75 to 200 feet. Analyses of three complete sections in this region show 
respective averages of 11, 12.88 and 17 per cent P 2 OS. The thickness and 
phosphatic content of the shales diminish to the south, east and north of 
this region. To the west, sections of the Phosphoria beds have been identi- 
fied near Malta, Idaho^, in the Confusion Range in western Utah® and in 
the Goshute Mountains in Nevada, about 35 miles southeast of Wendover, 
Utah. Such data as are available from these westerly exposures indicate a 
progressive thickening of the Phosphoria formation westward from the 
Bear River region. The phosphate contents of the western extensions are 
unknown. 

Complete sections of the Phosphatic Shale member, made at Conda, 
Slug Creek and Georgetown Canyon in southeastern Idaho^’ reveal 
that the greater part of the phosphate is concentrated in two zones near 
the base and top respectively of the shale series. These richer zones are 
composed of beds of oolitic phosphate rock and beds of thin-bedded shales 
and mudstones interbedded with thin seams of finely oolitic material. 

High-Geade Rock 

In southeastern Idaho there are two high-grade or currently commercial 
beds of phosphate rock. The lower, or footwall bed, at the base of the lower 
phosphatic zone, ranges in thickness from 5 to 9.5 feet and varies from 
32 to 33.5 per cent in P20^ content. The probable average is about 7.0 feet 
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of 32 per cent P 2 O 6 rock. Lower grade clay and shale partings are present 
in this bed but are not numerous or thick enough to dilute appreciably 
the mined-grade of rock. This bed is often overlaid by a bed of hard fossi- 
liferous, phosphatic limestone 1 to 3.5 feet thick, known locally as cap rock 
or cap lime. 

The upper, or hanging-wall bed, hes near or at the top of the upper 
phosphatic zone, close to the Rex Chert. This bed ranges in thickness from 
5 to 7.5 feet and varies from 30 to 35.5 per cent in P 2 O 6 content. A general 
average of thickness and grade cannot be estimated for this bed. Even at 
Conda, Slug Creek and Georgetown Canyon, the oolitic layers are inter- 
bedded with seams of limestone and/or mudstone, which lower the grade 
of the rock as mined. Farther south, as in the Beckwith Hills area, the 
upper bed contains fewer low-grade partings and is hard, dark colored and 
massive, and assays from 32.5 to 35.5 per cent P 2 O 5 across thicknesses of 
5.0 to 5.5 feet. 

High-grade rock is dense and characteristically oolitic, or partly nodular; 
sometimes the original grain of the rock is altered or destroyed by com- 
pression or by shearing. The oolites are rounded grains of concentrically 
layered phosphatic material which range from particles that pass 80-mesh 
screen openings up to ovules of half -inch diameter. The oolites are cemented 
together by fine grained (—150 mesh) material that generally contains 
from 15 to 22 per cent P 2 O 6 . Below the zone of surface oxidation the rock 
is highly carbonaceous, brownish-black to bluish-black in color, and gives 
off a bituminous or fetid odor when broken. Near the surface the rock has 
been oxidized and weathered to a lighter color, varying from hght gray 
to cream through darker shades of gray or brown. Outcrops are character- 
isticly weathered to a light bluish gray. Weathering reduces the carbonace- 
ous and calcareous contents of the beds, thereby increasing the percentage 
of tricalcium phosphate through residual effect. 

In the Beckwith Hills-Crawford Mountains region the lower bed is either 
absent or leaner than in southeastern Idaho. In Montana the lower bed 
is absent or is thin and low-grade except in the Snowcrest and Centennial 
Ranges, where prospects of commercial grade rock have been found. In 
the Garrison- Avon-Elliston area the upper bed occurs at the base of the 
Phosphoria formation because of the absence of the lower members. The 
bed is from 3 to 5 feet thick and contains from 32 to 34 per cent P 2 O 5 , 
except where it is occasionally contaminated by interbedded silty partings 
which reduce the average phosphate content. In the Maxville-Philipsburg 
area the upper bed is from 3 to 4 feet thick and frequently contains inter- 
bedded aluminous or siliceous seams which cause a variation of phosphate 
content ranging from 32 to 22 per cent P2O5. In the Melrose-Divide area 
there are two seams of high-grade phosphate rock interbedded with 1.5 
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feet of highly siliceous shale or argillite, the mineable width of which is 
approximately 6 feet, averaging about 25 per cent P 2 O 6 . 

The high-grade phosphate rock has a specific gravity varying from 2.80 
to 2.95; the average for 32 per cent rock is about 2.90. The rock consists 
essentially of tricalcium phosphate, with appreciable quantities of silica, 
organic matter, calcium in excess of the requirements of the calculated 
Ca 3 (P 04 ) 2 , and minor quantities of alumina, iron, fluorine, sulfur and many 
trace elements, the most important of which up to the present time is 
vanadium. Vanadium is precipitated and recovered from phosphoric acid 


Table 1* 



(%) 

II 

(%) ! 

III j 
(%) 

IV 

(%) 

V 

%) 

VI 

(%) 

VII 
(%) 1 

VIII 

(%) 

PsOt 

30.30 

31.60 

32.30 

32.10 

36.35 

25.50 

32.20 

34.70 

Si02 

7.80 

4.40 

5.10 

11.00 

0.30 

23.90 

12.40 

7.20 

Fe 203 

0.90 

1.00 

0.90 

0.87 

0.26 

2.70 

1.35 

1.20 

AhO, 

1.30 

1.65 

1.50 

1.70 

0.50 

4.00 i 

1.25 

1.00 

SO, 


2.30 

1.20 


2.98 

1.05 

0.95 

0.55 

CaO 

45.40 

47.10 

47.00 

45.50 

50.97 

33.80 

44.90 

47.80 

V 2 O, 

0.26 

0.29 

0.23 

0.12 


0.11 

0.08 

0.21 

F ■ 

3.81 

3.50 

3.60 

3.60 

0.48 

2.60 

3.55 

4.48 

MgO 


0.57 

1.20 


0.22 



0.25 

Na20 


0.78 

0.50 


2.00 

1.40 


0.07 

CO 2 


2.23 

2.80 


1.72 

1.30 

0.90 


Ign, loss 1 

7.25 

5.86 

6.50 

2.90 


2.80 

1.50 

1.75 


* I to III, Idaho samples; IV and V, Utah-Wyoming samples; VI to VIII, Mon- 
tana samples. 

Additional determinations made on one of the Idaho analyses are as follows: 
AS 2 O 3 - 9 .OO 3 ; TiO-0.11; CraOa—O.lS; CuO-~0.023; MnOo-0.011; ZnO— 0.12; K 2 O— 
0.37; Ag — Tr.; Au — Nil.; U— 0.01. Two of the Montana samples had Cr 203 determi- 
nations of 0,14 and 0.04 per cent respectively. 

solution during the process of acid phosphate manufacture at Anaconda, 
Montana. Data on chemical composition of the phosphate rock are incom- 
plete except in a few localities where extensive mining has been carried 
out. Some typical analyses of oolitic phosphate rock as mined from some 
of the active mining districts in the western states are given in Table 1. 

Low-Geade Eock and Phosphatic Shales 

Low-grade western rock includes all classes of material that analyze from 
30 to 15 per cent P 2 O 6 ., Oolitic phosphate beds, interbedded with lower 
grade seams, fall into this category, although the term low-grade rock 
usually applies to the phosphatic shale beds that lie respectively above 
and below the lower and upper oolitic phosphate beds. These phosphatic 
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shales consist of a sequence of marine sedimentary beds of varied thicknesses 
whose characteristics are determined by their relative contents of silica, 
calcium carbonate and alumina or other contaminants. These beds have 
been enriched in some degree by phosphatic material precipitated during 
the silting process. The distinguishable layers vary from a fraction of an 
inch up to 12 feet or more in thickness and the phosphatic content ranges 
from 1 up to 30 per cent P2O5. The beds are characteristically fine-grained 
in texture and stratification varies from thin-bedded shales or argillite to 
thick-bedded and often massive impure limestone and mudstone. Clay 
partings often mark the transition between layers. The color was originally 
dark-brown to black, but where oxidation and leaching have occurred, 
varying shades of brown, light yellow and light gray have resulted. Of the 
areas developed, the phosphatic shales are of commercial importance only 
in southeastern Idaho, southwestern Wyoming and in north central Utah. 
In these areas there are usually one or two groups of adjacent or proximate 
beds containing from 20 to 29 per cent PaOg aggregating from 5 to 25 
feet in thickness. These groups are found in the lower and upper phosphatic 
horizons near the base and top, respectively, of the Phosphatic Shale 
member of the Phosphoria series. Analyses of a few Idaho and Wyoming 
shales are given in Table 2. 

Possibilities of Commercial Exploitation of Phosphatic Shales 

The total phosphate content of phosphatic shales is at least four times 
that of oolitic phosphate rock beds. Until recently the shales have not 
been of commercial importance because the cost of mining has been ap- 
proximately the same as for the higher grade rock. The surface stripping 
operations at Montpelier and Fort Hall, Idaho^, and at Leefe,'; Wyoming, 
have recently made available large quantities of phosphatic shale, which 
can be mined at comparatively low cost because production is supple- 
mentary to the mining operations for high-grade rock. The availability, 
in the western phosphate field, of cheap electric power and large tonnages 
of phosphate rock and phosphatic shales, containing about 25 per cent 
P2O5 and a favorable silica-lime ratio, has recently (since 1948) brought 
about the constructipn of three electric furnaces for the production of 
elemental phosphorus near Pocatello, Idaho. Another furnace is now in op- 
eration at Silver Bow, Montana. 

Considerable experimental work has been done on the beneficiation of 
phosphatic shales by several of the. mining and fertilizer manufacturing 
companies and by the University of Idaho®' During October 1950 a 
washing plant for the beneficiation of phosphate rock from the hanging- 
wall bed was put into operation at Conda, Idaho. This plant was designed 
to wash out part of the interbedded aluminous and siliceous material and 
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to raise the phosphate content of the concentrates to above 32 per cent 

P2O5. 

Further developments in electric furnace processing and in the beneficia- 
tion of the lower grade phosphatic material can be expected within the 
next few years. 


Table 2* 



I 

(%) 

II 

(%) 

III 

(%) 

IV 

(%) 

Insoluble 

2.5 

3.4 

1.5 

1.3 

P2O6 

24.15 

23.4 

25.4 

28.75 

SiOa 

27.10 

24.3 

19.7 

18.2 

CaO 

33.7 

30.6 

38.1 

38.65 

FeaOs 

1.4 

1.8 

' 1.1 

1.2 

AI2O3 

2.7 

3.8 

1.5 

2.1 

SO3 

1.4 

0.9 

2.2 

2.07 

CO2 i 


0.2 

3.9 


Na20 1 

0.7 



1.1 

K2O 

0.8 



0.9 

MgO 

0.4 


1.2 

0.24 

MnO 

0.08 


0.06 


V2O5 

0.26 


0.19 

0.32 

AS2O3 

0.0008 


0.10 


F 

1.7 


2.30 

2.46 

Ignit. loss 

3.9 

11.0 

1 '. . 8 . 5 ' 

3.85 


* Analyses of typical phosphatic shales from Idaho and Wyoming. 


Mining Methods 

Smface Stripping 

Surface strip mining operations were initiated in the western field during 
the spring of 1945 by the San Francisco Chemical Company at the Waterloo 
Mine, 4 miles east of Montpelier, Idaho. During the following two and a 
half years this company mined and shipped 650,000 tons of high-grade 
rock from this property^ Here the lower (foot wall) phosphate bed and 20 
to 30 feet of phosphatic shales lie on the west limb of, an anticline, dipping 
from 20 to 35 degrees to the west. The upper shales, upper phosphate bed 
and Rex Chert have been cut out by erosion. The remaining Phosphoria 
formation is covered by 15 to 30 feet of surface detritus. The slope of the 
hill is less than the dip of the beds, and the overburden increases rapidly 
toward the base of the hill. A series of cross faults has induced erosion 
gullies which have produced a saw-tooth pattern to the Phosphoria outcrop 
along the upper levels of the hillside. Stripping operations were carried on 
in panels, beginning at the lowest point at which overburden could be 
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economically coped with. Before stripping began, the entire hill slope was 
prospected with diamond drill- holes and the size, location and sequence 
of panels laid out so that overburden could be wasted downhill into mined- 
out areas. The surface detritus and shales were stripped off by 18 to 20 
cubic yard scrapers pulled by D8 Caterpillar tractors. After removing the 
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Figure 2. Typical flow sheet of western mill treating phosphate rock for double 
acidulation. 
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hard limestone cap rock (22 inches thick) by power shovels, the footwall 
phosphate bed was stripped off by small power shovels and loaded into 
dump trucks for transportation to the rail head at Montpelier. During 
the fall of 1947 the principal operations of this company were transferred 
to the Beckwith Hills deposits, about 3| miles west of Sage, Wyoming. 
Here the phosphate beds dip at a low angle through the upper portion of 
a series of low fiat-topped hills, lying on the east side of the Bear River 
Valley. The Phosphoria formation has been eroded from elevations below 
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6,300 feet, leaving a series of nearly elliptical phosphatic areas on the higher 
ground, separated from one another by erosion channels. 

A series of east-west faults cause vertical displacements varying from a 
few feet up to 30 feet or more. An overburden of surface detritus, chert and 
hard shale, 10 to 80 feet thick, overlies the upper (hanging-wall) phosphate 
bed, which is 5 feet thick and averages about 33 per cent PaOs. Below the 
hangmg-wall bed Ues a series of phosphatic shale beds and lesser beds of 
oolitic rock. Data for the defimtion of the phosphatic area and for calculat- 
ing the amount of overburden were obtained from a pattern of diamond 
dnll holes, spaced at 200 feet centers. Panels were laid out and striS 
began on the fringe areas so that overburden could be wasted on barren 
ground. The panel pattern will develop toward the center of each phos- 
phatic area in order_to shorten the overburden haul to mined-out panels 
The initial fnnge striping of overburden is accomplished by pushing the 
waste mateml over the rims of the hills with Caterpillar buUdLrs After 
a panel is cleared of overburden the high-grade bed and the shale beds are 
successively stnped by power shovels and loaded into 11-yard dump 
trucks^ The high-grade rock is hauled to a crushing and grinding miS 
ocated near the center of the deposits, on the railroad spur, which has 
been constrpted from the Union Pacific main line near Sage Wyoming 
Each shale bed is mined and stockpiled separately, pending th^ conclusion 
of beneficiation experiments now being carried on by this company The 
matXTtol. to high-grade rock is reported to be approxi- 

Duri'ng the spring of 1946, the Simplot Fertilizer Company commerced 
surface mining operations on phosphate deposits outcropping on thTport 
HaU Indian Resepation, 16 miles east of Fort Hall, Idaho Here pS^ 
p oria outcrops along the strike of a northeast fault for several miles The 

T/ degrees to the southeast. The chert, the hanging-i 
phosphate bed and the upper phosphatic shale beds have been cut out bv 
erosion, leaving the footwall bed covered with from 20 to 75 feet of phof 
Phatic shale, siltstone and a gradually increasing overburdefS 
as the deposits are mined toward the east. The eround was pvnlnr A k 
p.,«m of dkmond drill holes dead of the stripping ^tion 

u™ orZTJ°h* the" hfooCp”; 

deotl Phoyhona. The panel size is controlled by faulted blocks 
• ri? topography, as it affects the location of eooili 

arejs. The topsod is scraped down the slopes of the ridges bTSateS.? 

Z s’' “ the length oSari 

aelectiveiy ndned for eleetrie furnace feed. The lower g;letal» ™ riocT 
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Fiqueb 4. Phosphate mining town at Conda, Idaho, showing mine liuildings in 
foreground, mill buildings at right and campsite in background. 

piled separately for future beneficiation. The high-grade footwall bad, 6 feet 
thick and averaging about 32.5 per cent PjOs, is mined with j-yard power 
shovels, care being used to prevent dilution. The rock is loaded into 12-vard 
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pit trucks for transportation to the nearby spur line railhead. The approxi- 
mate stripping ratio of waste to ore is 5 to V. 

Underground Mining 

Underground mining operations have been conducted continuously in 
the western field since 1906. The mines were originally opened up as tunnel 


(Courtesy of the Anaconda Copper Mining Company and the Ingersoll-Hand Company) 
Figure 5. Underground imning at Conda, Idaho, showing the south end of a sub- 
level, into which the phosphate rock as been blasted from the stope (showing at upper 
right corner) . The stratified footwall phosphate bed can be seen in the center back- 
ground beyond the Anaconda type scraper, which is being used to slush the broken 
rock into the raise chutes, ^he hanging-wall shale, secured against sloughing by 
Stulls and plank lagging, can be seen at upper left. 

mines, but a few have resorted to shaft mining as their ore reserves above 
adit level diminished^ Several mining methods are used, depending on the 
type of ground and the wall conditions encountered. Where both walls 
are firm various modifications of room-and-pillar or stull st opes are used. 
In this type of sloping, raises are driven in the ore from the haulage level 
to the surface of to an upper level. The raises are spaced at intervals of 
from 75 to 250 feet, depending on the number and displacement of cross- 
faults encountered. Rooms or slopes are then opened up from the raises 
by overhand mining and the broken rock is drawn off through the raise 
chutes. Where the dip of the bed is less than 40 degrees, it is often necessary 
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to use electric slushing rigs to remove the rock. Little or no timbering is 
required except for drill staging. Where wall conditions permit, this is 
probably the cheapest method of stoping. 

Where the hanging-wall is firm and the footwall soft and friable, sub- 
level stoping is used. Raises are spaced at intervals of 150 to 200 feet. 


(Courtesy of the Anaconda Copper Mining Company and tf^ Ingersoll-Rand Company) 
Figure 6. Underground mining at Conda, Idaho, showing the two-speed electric 
slushing hoist, used for slushing rock and hoisting timbers, set up in a raise manway. 
The operator is slushing the broken phosphate rock into the south chute of the raise 
(right), the north chute can be seen at center background and the top of the timber 
slide at right center. 


sub-levels are drifted in both directions from the raises with 30 to 50 feet 
spacing along the dip of the beds. Overhand stoping is employed in a 
sequence of shces from each sub-level to the next one above. The stoping 
progresses from the surface or upper level downward. After each slice is 
completed it is caved by blasting out the supporting stulls. A plank floor, 
previously laid on stulls and extending from wall-to-wall along the bottom 
of the finished sub-level, serves as a mat to hold the overhead gob for the 
next slice below. The rock is blasted down into the sub-levels and slushed 
into the raise chutes^. Where the hanging-wall is soft and friable, sub- 
level stoping or underhand shcing, horizontal or inclined at 40 degrees, is 
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generally used. In any case, heavy timbering is necessary and worked out 
slices are blasted down as the stoping progresses downward from the surface. 

Percussion drills are used in the hard rock found near the Idaho-Wy- 
oming-Utah common border and in the siliceous rock of Montana; stoper 
or jackhammer feed-leg types of drills are used with one-inch quarter- 
octagon drill steel and cross bits. In the soft rocks found in the Bloomington 
Canyon-Georgetown-Conda-Slug Creek areas, jackhammer feed-leg drills 
with downstroke rotation are used with auger drill steel tipped with V or 
fishtail shaped bits. The cutting edges of the bits are faced with hard alloy. 

Pkeparation for Market 

Western phosphate rock is used for production of ordinary and triple 
superphosphate analyzing from 18 to 45 per cent citrate soluble P2O5, 
phosphoric acid of 50 to 52 per cent P2O6 and for electric furnace produc- 
tion of elemental phosphorus. Small tonnages of rock are used in iron 
blast furnaces, for direct application to the soil as flour phosphate rock 
and for sintering with other materials in the production of fertilizers con- 
taining one or more of the minor plant food elements. Western phosphate 
rock is sold as mine run, lump (for blast furnace), crushed, crushed and 
dried and pulverized. The pulverized rock is furnished in two grades; rock 
for acidulation is ground to pass 93 to 95 per cent through 100 mesh, 
direct application or flour rock is ground to pass 90 per cent through 200 
mesh. 

Crushing 

The comparatively coarse grain texture of western phosphate rock makes 
it particularly amendable to impact crushing. Except where rock is unusu- 
ally hard and massive, fixed or swinging hammer crushers are in general 
use for primary and secondary crushing of western phosphate rock. The 
mine-run rock is screened over vibrating screens to remove fines, then 
crushed in impact crushers in one or two stages, depending on the hardness 
of the rock and the size of product desired. If the rock is hard and massive 
it is sometimes necessary to crush in three stages. The mine-run lumps are 
first crushed in jaw crushers to approximately 6 inches in size, after which 
the product is successively reduced to — IJ inches, and then to final 
size in heavily lined impact crushers equipped with wide cast alloy ham- 
mers. The soft-to-medium hard rock mined in southeastern Idaho is 
crushed in one stage to —f inch with standard or extra heavy equipment. 
The softer phosphate rock contains from 4 to 8 per cent moisture and dur- 
ing the winter months dried to — 2| per cent moisture to prevent freezing 
in transit. The crushed rock is dried in rotating kiln driers, maintained 
at a temperature of 275°F. The driers are fired by natural gas, coal or oil. 
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Calcming 

Western phosphate rock is characteristically carbonaceous except in 
shallow surface deposits where oxidation and leaching have occurred. The 
organic matter is not particularly troublesome in single acidulation proc- 
esses but it forms sludge in the phosphoric acid solutions produced in 
double acidulation practice. For the latter use the crushed rock must be 
calcined before grinding. In order to avoid unburned organic matter in the 
cores of the larger particles, it is necessary that the rock be crushed to 
— I inch. The rock is calcined at a maximum temperature of 1675®F in 
wedge-type roasting furnaces, fired by natural gas or oil. The organic con- 
tent is thereby reduced to approximately 1 per cent. 

Grinding 

Ball mills were generally used for dry grinding of phosphate rock until 
the mechanical difficulties of the high-speed type of roller mills were over- 
come. Now the latter type of machine is coming into favor for this work. 
The mills are air swept in closed circuit with centrifugal air separators 
which remove the ground product. Fnits range in capacity from 5 to 18 
tons of rock per hour, ground to a fineness of from 90 to 98 per cent — 100 
mesh. Damp rock can be dried during the grinding operation by addition 
of a coal-, oil- or gas-fired furnace to the circuit. Fineness of the grinding 
is regulated by the rate at which rock is fed to the mill and by adjustment 
of the vanes which control the centrifugal flow of rock and air within the 
separator. Uniformity of product, for any given setting, is maintained by 
automatic adjustment of the rate of feed. The controlling device is actu- 
ated by the differences in aerostatic pressure within the circuit. Flour rock 
has been produced intermittently by several western mills with the above 
equipment. There has been no firm market for flour rock in the western 
states. The scant demand for raw pulverized rock for direct application to 
the soil has come almost entirely from the peat soil areas in Oregon and 
northern California, where the use of 100-mesh rock has given satisfactory 
results. 

Cost of Production 

Prior to World War II western phosphate rock prices had become more 
or less stabilized on a basis of $3.50 to $4.00 per short ton for mine-run 
rock of 32 per cent P2O5 grade, FOB mine. Pulverized rock, 85 to 93 per 
cent —100 mesh, sold for $5.00 to $5.50 per short ton, bulk, FOB mill. 
The subsequent rapid rise in labor and material costs and the development 
of surface stripping mines, with their attendant problems of shale disposal, 
temporarily produced a somewhat confused price structure, mine-run 
rock having been sold at prices varying from $3.86 to $6.00 per ton during 
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the past two years. During the latter part of 1948 western mine-run rock 
of 31.5 to 32 per cent grade was fairly stable at $5*00 per short ton; 100 
mesh pulverized rock of the same grade sold for 16.25 to $6.50 per short 
ton, bulk. No representative mining costs can be given at this time be- 
cause of the wide variations in conditions at the surface and in the under- 
ground mines. An approximate range of the principal cost items are given 
in Table 3. 

In examining these cost figures it must be kept in mind that they rep- 
resent the approximate extremes for each cost item, which has been or 

Table 3 


Surface stripping 


Diamond drilling and engineering 

.. $0.20 

to 1 

$0.30 

per 

ton of ore ' 

Stripping, soil and detrius 

.. .10 

to 

.25 

per 

cubic 

yard 

Stripping shales, including stockpiling 

.. .25 

to 

.40 

per 

cubic 

yard 

Stripping caprock . — ........ 

. . .30 

to 

1.00 

per 

cubic 

yard 

Mining phosphate rock, FOB cars 

.. .20 

to 

.35 

per 

ton 


Depreciation 

. . . 30 

to 

.50 

per 

ton 


Depletion or royalties. ........... 

.. .10 

to 

.50 

per 

ton 


General expense, including taxes 

.. .40 

to 

.80 

per 

ton 



Underground mining 

Crosscuts, drifts and raises. . . .......... $0.30 to $0.55 per ton 

Stoping 1.00 to 1.60 per ton 


Tramming and hoisting, ............ 

,20 

to 

.70 

per 

ton 

Shops, compressed air, power and misc.. . 

... .30 

to 

.75 

per 

ton 

General expense, including taxes. ........ 

, . . . 40 

to 

.80 

per 

ton 

Depreciation 

.. .15 

to 

.30 

per 

ton 

Depletion or royalty, and amortization 

of 





development costs 

... .30 

to 

.70 

per 

ton 

Crushing 

... $0.25 

to 

$0.35 

per 

ton 

Drying. 

... .15 

to 

.25 

per 

ton 

Calcining 

.. .80 

to 

1.00 

per 

ton 

Pulverizing (approx. 90%~100 mesh) . ... . . . 

.. .75 

to 

1.15 

per 

ton 


might be attained under present operating conditions. Many of the items 
vary appreciably from month to month in the same mining operation and 
it is very unlikely that any naining operation enjoys a total cost comprised 
of a majority of the lower cost items, or that any producer is burdened 
with all of the higher range figures. 
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8. Phosphates of South Carolina, 
Kentucky, Arkansas and Virginia 

Wm. H. Waggaman 

Senior Mineral Technologist^ Bureau of Mines ^ U. S. Dept, of Interior 

Whereas, the phosphate deposits of these states (particularly those of 
South Carolina) have produced substantial tonnages of phosphate rock 
in the past, none are being exploited at the present time. The cessation of 
mining operations in most cases has been due to one or more of the fol- 
lowing adverse factors: high mining costs, poor yields and the relatively 
low-grade of the rocks as compared with that produced in Florida, Ten- 
nessee and the western states. 

Large tonnages of phosphate rock however still remain in some of these 
states and as mining and metallurgical methods are improved, new proc- 
esses developed and richer deposits are depleted, it is logical to expect 
that mining activities in certain abandoned fields will be resumed. More- 
over, since some of these deposits are strategically situated to supply local 
fertilizer demands the saving in shipping charges may offset to some extent 
the higher mining and milling costs and the lower grade of the product. 

South Cakolina Phosphate 

According to Holmes^® the nodular phosphates of South Carolina were 
discovered as early as 1842 in a search for marl or agricultural limestone, 
but the nature of this rock was not recognized until about eighteen years 
later. In 1860 Dr. Charles U. Shepard of Charleston made analyses of 
some of this nodular material and reported the presence of calcium phos- 
phate^ but the war between the states which began a few years later de- 
layed mining operations. 

In 1867, however, Dr. St. Julien Ravenel of South Carolina and Dr. 
N. A. Pratt of Georgia, both of whom were convinced of the economic 
importance of these deposits, interested some northern capital and organ- 
ized the Charleston Mining and Manufacturing Co. The following year 
(1868) development work was begun and the first shipment of South 
Carolina phosphate was made in April of that year. 

Other companies were soon organized and mining operators proceeded 
at an accelerated rate. At that time, and until the discovery of the Florida 
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phosphates, the South Carolina deposits were the largest and most im- 
portant in the world. The early history and development of the Carolina 
phosphate industry are fully covered by ChazaP, Holmes^®, Mappus^^ 
Shepard^h and Wyatt 

Whereas, there is considerable difference of opinion concerning the exact 
age and derivation of the South Carolina phosphates it is generally agreed 
that they belong to the Tertiary Period and according to Rogers^® are 
derived from the Edislo phosphatic marl (Miocene) which was enriched 
in phosphate by leaching out the carbonate of lime and by partial replace- 
ment of the carbonate with phosphate. 

The phosphate area of South Carolina lies along the coast in a belt which 
in places is fully 20 miles wide, extending from the Wando River in Charles- 
ton County to the Broad River in Beaufort County. The coast region 
as a whole is but little above tide level and is intersected with numerous 
creeks, rivers and arms of the sea. The phosphate area therefore not only 
has excellent rail transportation facilities but large vessels can be loaded 
close to the mines and the phosphate shipped directly by water either to 
foreign ports or to Charleston where many fertilizer factories are located. 

The South Carolina phosphate deposits were formerly classified under 
two heads, namely, River Rock and Land Rock. The former was at first 
most eagerly exploited since it was dredged from the beds of streams and 
was fairly free from objectionable impurities. This product was washed, 
picked over and finally dried on ricks of wood. The average grade of the 
dried product was about 58 per cent tricalcic phosphate (BPL). When a 
satisfactory method of cleaning the land rock was devised these latter 
deposits were rapidly developed and the mining of river rock finally- 
abandoned. These types of deposits, however, are composed of the same 
material, the river rock being merely the land rock washed down and con- 
centrated in beds of streams. 

River mining thrived for a number of years, but since it involved the 
recovery of the mineral from navigable streams that were under control 
of the state, the industry became involved in litigation that seriously 
hampered operations. The dredging and auxiliary equipment required was 
very costly and when the higher grade phosphates of Florida and Ten- 
nessee were discovered, competition became very keen. An ill-advised 
legislature also raised the royalty paid to the state from $1.00 to $2.00 
per ton and to make matters worse, a cyclone in 1893 destroyed most of 
the barges and dredges engaged in mining river rock. 

Although some of the equipment was replaced, river rock mining never 
fully recovered from these blows, and in 1900 production began to fall 
off rapidly. Nine years later operations ceased entirely. 

During the first six years of development the output of land rock ex- 
ceeded that of river rock. The latter then forged ahead for 5 years, but 
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om 1878 up to the time that all mining operations ceased the bulk 

South Carolina phosphate was obtained from land mines ^ of 

Land rock occurs as boulders, nodules and small pebbles imbA^iHo^ • 
matrix of sand and clay. These nodules or boulders wS rll f " 

^1? “Odium hardness and are frequently mL°h 

pitted, the pits being filled with clay or foreign material wkiVK ^ “ 

by sobbing „i.b w.w orderr„“pT!SttTlS' 

ficiently high grade for acid treatment 

For the first ten years South Carolina land rock was mined almost en 
tirely by hand and the washing of the rock was so imperfeTtb^f f 

The average grade of land rock after washing and drying: was onlv «Knnf 

618.569 tons of‘’pb*p£'fe ™ "““W in 1893 when 

output gTsdutdl/deS'eS/^rX 2 " 

ment of the higher grade «nA rZ. ^ discovery and develop- 

Florida and Tennessee In 1 Q 21 b*^ ®®'P ^ phosphate deposits of 
lennessee. In 1921, however, mining operations in South 
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Carolina ceased entirely and in 1922 only 1,500 tons were marketed from 
stock piles. 

The production of South Carolina phosphate from 1868 xmtil 1912 is 
given in Table L 


Table 1. Production op Marketed Phosphate Rock in South Carolina, 
1867-1912, IN Long Tons* 


Year 

Land 

rock 

River 

rock 

Total 

Year 

Land rock 

River rock 

Total 

Ending May 31 




Ending Dec. 




1867 

6 


6 

31 — Contd. 




1868 

12,262 


12,262 

1890 

353,757 

110,241 

463,998 

1869 

31,958 


31,958 

1891 

344,978 

130,528 

475,506 

1870 

63,252 

1,989 

65,241 

1892 

243,653 

150,575 

394,228 

1871 

56,533 

17,655 

74,188 

1893 

308,435 

194,129 

502,564 

1872 

36,258 

22,502 

58,760 

1894 

307,305 

142,803 

450,108 

1873 

33,426 

45,777 

79,203 

1895 

270,560 

161,415 

431,975 

1874 

51,624 

57,716 

109,340 

1896 

267,072 

135,351 

402,423 

1875 

54,821 

67,969 

122,790 

1897 

267,380 

90,900 

358,280 

1876 

50,566 

81,912 

132,478 

1898 

298,610 

101,274 

399,884 

1877 

36,431 

126,569 

163,000 

1899 

223,949 

132,701 

356,650 

1878 

112,622 

97,700 

210,322 

1900 

266,186 

62,987 

329,173 

1879 

100,779 

98,586 

199,365 

1901 

225,189 

95,992 

321,181 

1880 

125,601 

65,162 

190,763 

1902 

245,243 

68,122 

313,365 

1881 

142,192 

124,541 

266,734 

1903 

233,540 

25,000 

258,540 

1882 

191,305 

140,772 

332,077 

1904 

258,806 

12,000 

270,806 

1883 

219,202 

159,178 

378,380 

1905 

234,676 

35,549 

270,225 

1884 

250,297 

181,482 

431,779 

1906 

190,180 

33,495 

223,675 

1885 

225,913 

169,490 

395,403 

1907 

228,354 

28,867 

257,221 





1908 

192,263 

33,232 

225,495 

Ending Dec. 31 




1909 

201,254 

6,700 

207,954 

1885 

149,400 

128,389 

277,789 

1910 

179,659 

0 

179,659 

1886 

253,484 

177,065 

430,549 

1911 

169,156 

0 

169,156 

1887 

261,658 

218,900 

480,558 

1912 

131,490 

0 

131,490 

1888 

290,689 

157,878 

448,567 





1889 

329,543 

212,102 

541,645 

Total 

8,721,518 

4,105,195 

12,826,713 


* U. S. GeoL Survey Mineral Resources, 1S92, p. 782, 1893. 


From time to time attempts have been made to revive the South Carolina 
phosphate industry, but without success. Since the yield of rock per acre 
is only a fraction of that recovered from the Florida pebble deposits and 
the BPL content of the product is from 10 to 12 per cent lower, the pos- 
sibilities of competing with Florida are rather remote. 

In 1937 Bennett^ reported that a thorough investigation had been under- 
taken to determine the extent of the river deposits and develop economic 
methods of mining, beneficiation and recovery. The results of this in- 
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vestigation were said to be highly encouraging for re-establishing a local 
industry but so far no developments have taken place ® 

Contrary to general opinion, however, the phosphate deposits of South 
Carolina are by no means exhausted and the reserves of land rock (60 S 
cent BPL) have been estimated by the United States Geological Surw" 
at approximately 8,900,000 tons. This is exclusive of the supply oTriL 
rock for which there are no reliable figures. PP y nver 

Kentucky Phosphate 

According to Phalen» the phosphatic nature of certain limestones in 
Kentucky was first recognised in 1877 by Dr. Robert Peter, chemist o?th^ 

So'irS' ^’^thor described a thin layer of higSv 

phosphatic hmestone occumng m the Lower Silurian (Ordwician) lelr 
Lexington. The samples collected and analysed, howevL indicS Tw 
the phosphate rock was too uncertain in its composition and too irregularlv 
d^tributed among the poorer hmestones to have any great commerciS 

activity i„ this « 

in rayctf.-. Woodford, £ott and S^So TTo 

the deposits have proved to be somewhat spotty and no worfcawjrT’ 

comparing in size with those of Florida and no workable beds 

Only in Woodford County nL WauLt a ^ 

tonnage been mined. ^ has any appreciable 

Jessamine Dome. All of the exposed rSks nf ^ 

tary origin and the arching of th?^^2a toi 

hodsonM pe^tion .d the roc^s is *“ 

KentehySS'l'SiS Sn^ 

The conntry rocks maociated with the phosphate rock de^dts are all 
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limestones of different lithology and degrees of purity. They are all of 
marine origin and belong to the middle part of the Ordovician system; 
their total thickness is approximately 330 feet. 

‘‘The rock of Central Kentucky belongs entirely in a class known as 
brown phosphate, first so-called in middle Tennessee. It occurs as a dis- 
tinctly laminated residual deposit, also as filling solution cavities or pockets 
in a more or less phosphatic limestone. The rock itself occurs in porous 
or loosely coherent plates, varying in thickness from the very thinnest 
up to those several inches thick. Usually the plates are separated from 
each other by layers of loosely cemented or porous material consisting of 
phosphate rock in a fine state of division, mixed with more or less clay. 
There is also another form of brown rock, known as phosphate sand, some 
of which is very rich in calcium phosphate.” 

While individual samples of Kentucky phosphate have analyzed as 


Table 2. Composition of Different Types of Kentucky Phosphate 


Sample 

No. 

Location 

Description 


Analyses 



SitO 

FejOjAljO* 

1 

Caj(P04)i 

200 

Near Midway , Ky. 

Light yellow, soft 

24.29 

17.18 

21.34 

46.71 

201 

Near Midway, Ky. 

Dark brown, close 
grained plates 

2.63 

2.75 

35.71 

78.17 

202 

Near Midway, Ky. 

Dark brown, porous 
hard 

4.88 

3.67 

34.00 

74.43 


high as 78 per cent tricalcium phosphate, the average grade of rock is 
probably considerably below that of the brown rock phosphate of Ten- 
nessee. Phalen^® gives the thickness of the phosphate beds as well as the 
BPL content of samples collected from various localities throughout the 
phosphate area. His data show wide variations both with respect to the 
thickness and grade of the rock. 

Analyses made by this writer^^ of ^ number of different types of Kentucky 
phosphates are given in Table 2. 

In 1912 several farms near Wallace were leased by the Central Kentucky 
Phosphate Company with a view to developing the deposits in that area. 
The company was later taken over by the United Phosphate and Chemical 
Company and a plant erected in 1919 to mine and prepare the rock for 
market. Operations were continued intermittently for a number of years 
but the methods employed were rather crude. The overburden was first 
removed by scrapers and the exposed rock then mined with pick and 
shoveL The beds in this area ranged from 3 to 5 feet in thickness, but 
much of the material was in finely divided or distintegrated form. The 
rock was loaded into cars, hauled to the plant and dried in a rotary Min. 
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The dried phwphate was then screened and all material coarser than oop. 
iialf inch marketed as high-grade rock The nno 

rpsririr rs 

p’Sj'aSt 19Su,rmL“L°ptat“nte 

own No production of phosphate rock has been reported from Kentuckv 
^nce that ^date but during the seven years of operation over 93 000 toni 

proper be.'ScSon *'>' >«>■ 

_ According to Phalen'^ the reserves of phosphate rock in Kentuckv are in 

about 11 per cent of the rock has been mined. >' more tnan 

Aekansas Phosphate 

At present these phosphate deposits are not generally regarded as of 

SHsiasiFS 

ilHIfsis 

rf r&r ;^oS”r r 

also closely associated with nh ^ o Phosphate strata. Manganese ore is 

boing stained by this ™bi„ee^ »' “■o rook 

ovS^''gre'’S •"» » *-» tbrata-one di,«ly 
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organic debris closely cemented together. It varies in color from light 
gray to brownish black, the color largely depending on the quantities of 
iron and manganese present. This bed averages from 55 to 60 per cent bone 
phosphate of lime. Directly under this bed lies a second stratum of phos- 
phate rock from 2 to 4 feet in thickness, which closely resembles that just 
described. It is, however, less oolitic and contains appreciably less P 2 O 6 . 
The average grade of this second stratum is from 30 to 40 per cent bone 
phosphate of lime and therefore during mining operations it was separated 
from the upper stratum and thrown away as unmarketable rock. 


Table 3. Analyses and Descbiption op Phosphate Strata prom Two 
Different Localities in Arkansas 


Sam- 

ple 

Location 

Thickness of 
Strate 

Description 

Analyses 


PjOb 

Ca,(P04)2 


Phosphate, 12 miles 
northwest of 1 

Batesville 

2' 6" 

Ferriginous 

Limestone (roof) 

Trace 

5.82 

12.72 

93 


6" 

Green shale 

28.85 

63.05 

89 

91 


4:' O'' 

2' 0" 

Hard, gray, nodular : 

Hard, gray, less nodular 

14.16 

30.94 

97 

If miles north of 

1' 0" 

Ferriginous phosphate 

19.60 

42.94 

94 

Phosphate 

0" 

Thin bedded slate (not 
sampled) 
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Z' 0" 

Hard, gray, oolitic phos- 
phate 

22.96 

50.18 

95 


1' 0" 

Hard, gray, oolitic phos- 
phate 

10.01 

I ■ 

21.87 

98 


1 Unde- 
! termined 

Ferriginous shale 

i 7.53 

16.45 


In Table 3 are given the analyses and descriptions of the successive 
strata of phosphate rock sampled by the writer at two different places. 

Arkansas phosphate was mined in the same way as the blue rock phos- 
phate of Tennessee, by first stripping around the face of the hill until! the 
overburden became too heavy to be profitably removed, and then running 
drifts into the hill's side. As these tunnels are driven deeper into the hills 
comparatively little timbering is required since the stratum of unweathered 
limestone and shale overlying the phosphate beds form a fairly substantial 
roof. 

For a number of years substantial tonnages of phosphate rock were 
produced from these deposits and shipped to Little Rock, Arkansas, where 
it was manufactured into low-grade superphosphate. The development of 
the higher grade phosphates in Tennessee, however, rendered the mining of 
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Arkansas rock unprofitable and in 1912 operations ceased entirely A. 
coring to Branner the total output during this period amounted to £,^73 

•ppe™ U«le likem.o<rf that' 

some favorable factors develop which will make it practicS^rto u2 , 
the rock direct or beneficiate it at low cost so it can be used in estahf ? 
methods of producing phosphoric acid and available phosphltef 

Virginia Phosphates 

In Nelson and Amherst Counties of west-central Virginia large dikpl't 
bodies of ore occur cousi^^tinty nf « rv^• + ir . ^ clikelike 

.r«.e.r Rosaland, Nelson County ’» “•« 

post-magmatic stage. Still later, Davidson ?aZ.« Lrrihed fv !“ ^ 

peenllae e^^*! St S» 

ireaaeSj'"Sfer'i? ht'iime 2’ but the 

win deyttTthrnd'o^'^tS't 

teest, and ihvit^ LST.™ 

two industrial, minerals contain,ar) +1, ■ separating the 

this problem was rather successfully solwH^h ^ standpoint 

ing methods. by applying standard ore dres 

the^^SUSi'feS’lSS? I"™ ™<le,t.ke„ in ,937 by 
and the concentrates obtained wmtd to mtdT °* f'l 

their 
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fluorinated phosphate was constructed. After several changes in owner- 
ship the property passed into the Calco Chemical Company (subsidiary of 
the American Cyanamid Co.), 

The following description of the methods employed in mining and milling 
the rock and separating the two marketable minerals is taken from a report 
by Ferney^. 

^The ore is broken by electrically exploded dynamite and trammed to 
: the mill where it is weighed and broken through the grizzly. 

I '^Ore that has passed the grizzly is conveyed to a jaw crusher, further 

^ reduced and passed on to the mill crude-ore storage bin. The sample is 

assayed for moisture, Ti02 and P2O6 content. 

“Ore from the crude-ore storage bin is conveyed to the mill where it is 
fed into a rod mill with a certain quantity of water and there subjected 
to a mild grind or severe scrubbing which is sufficient to break the grains 

Table 4. Analysis op Apatite Concenthate Dehived feom Nelsonite 


(%) 

P 2 O 6 40.88 

Ca 3 (P 04)2 (equivalent) 89.32 

CaO 63.94 

FeaOs 0.54 

AI 2 O 3 0.58 

F 3.61 

TiOs .05 

H 2 O.... 06 

Loss on ignition .08 


of mineral apart without grinding them to any extent. The resultant pulp 
... is pumped to a vibrating screen where it is sized. Oversize from the 
screen is returned to the rod mill for further grinding and the undersize is 
carried by gravity to the classifiers., ^ 

“Much of the material in the pulp that passes through the screen is 
very fine and would interfere with the magnetic separation of coarser 
particles. The function of the classifiers is to remove this fine material. 
The remaining coarse material or sand is washed before leaving the classi- 
fier and then fed into a rotary dryer from which it is discharged as a hot, 
free-running sand. 

“The hot discharge from the dryer is next passed over a cooler and then 
conveyed to a storage bin. Sand from the storage bin is fed by gravity to 
the magnetic separator which is of the induction three roll type and more 
or less designed for this particular process. The separator consists of a 
series of rolls set in the path taken by the magnetic flux produced by an 
electromagnet.,.. 

“By passing the dry sand over the rolls of this separation unit it may be 
separated into three different products: 0 ) a black, highly magnetic ilmen- 
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ite concentrate removed by weakly mae:netio n k 

and (3) a granular, nonmagnetic apatite concentrate which reSns ’ 

all the magnetic materials have been removed.” remains when 

Ferney', in Table 4 gives the following analyses of the anatite spr,a + j 
from Nelsonite by the method outlined above reparated 

It was claimed that this apatite, on account of its low eontPtit 
matter and oxides of iron and alumJTiiim a I foment of organic 

high quality that httle purification was n^cessirv^Fw 
«id produced .herefro. 

calcium phosphate, but apparently this proved unnrofi abt ! k .v T ' 
mine and plant were shut down in 1948**. ^ both the 
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9. Phosphates of Foreign Countries 

Chester A. Fulton 

Consulting Engineer, Baltimore, Md. 

Although the United States in 1948 produced nearly one-half of the 
world^s output of phosphate rock, this has been true only since World 
War II. However, since the end of the war, the foreign phosphate rock 
producers have been doing their best to recover their production capacity 
and resume their prewar position of producing about two-thirds of the 
world’s consumption. 

The economies of the countries in Europe and Asia need phosphate rock 
badly, and if they are to recover, production from the foreign deposits 
must increase materially. Therefore, it is poi^ible that their production 
will return to the two-thirds of world’s supply as before the war. - 

Noeth Africa 

Morocco, Algeria and Tunisia are the three countries comprising this 
sizeable French controlled area in northwestern Africa with 535 miles of 
Atlantic shoreline and 1,130 miles along the Mediterranean. The popula- 
tion of French North Africa before the war was said to be about 16 million, 
of which 90 per cent were native moslems, the balance mostly French, 
except in Tunisia where there are almost as many Italians as French. 

Morocco is to the west on the Atlantic Coast with very much smaller 
Spanish Morocco to its north, leaving it only about 10 miles of shoreline on 
the Mediterranean. It is a French protectorate whose political head is a 
Sultan and it is about the size of California. 

Algeria is in the middle, and about three times the size of Texas, because 
it extends far to the south into the Sahara Desert. Most of its population 
lives near its 640 miles of Mediterranean coast. Politically, Algeria is the 
equivalent of a state of France and sends its elected representatives to the 
Chamber of Deputies in Paris. 

Tunisia to the east is about the size of Alabama with a northern and 
eastern coastline on the Mediterranean for about 480 miles. It is a French 
protectorate presumably headed by a Bey. 

The phosphate rock deposits of these three countries are really in two 
areas, one of which is entirely within Morocco and the other on either side 
of the border between Algeria and Tunisia. These deposits are secondary 
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phosphorites in beds between other sediments siif'b «« 

S^hX"^ ^ exceptions they are mined by uSgrTu^d 

m Algeria commenced in 1893. followed by Tunisia in 1897 ’ft ^ 
until 1921 that Morocco started, and by ti middle 1929?^' 
phosphate rock in French North Africa exceeded that of Se UnitedtteJ 
This production rate continued until World War II when nhnf ? f 
duction fell to low levels practically everywher” :Lept te Se 
2.™ »..nly due to tte difficulties of water trauspertatieu « ^ 

Morocco Deposits^ ■ ' • » 

Between the Atlas Mountains and the Atlantic Coast to the west ti, 

deposits traverse an area in the rollinv ninte fer a- ! /^est, these 
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Ihis phosphate bed is relatively soft and reoniree 
and blasting. The broken rock wL loaded intoTZlI of drilling 

trammed to the main banlfio-a i. mine cars and hand- 

endless cable and hauled totte sLrfl ttrlth a T “ 

adits and to a drying pUnt located larbw ^ 
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»ck shrrage birrs having a capacity of about 7^000 rlSToS^tTl 
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bins the wet-rock was mechanically fed to cylindrical driers which, in turn, 
delivered the dry-rock (minus 3 per cent moisture) to belt conveyors leading 
to hopper-bottom diy-rock bins. These bins fed the dry-rock to gondola 
cars by gravity for transportation over an electric railroad of one-meter 
gauge to the main storage bins at the port, of Casablanca. 

The summer is very dry in Morocco for about four months when the 
Socorro winds blow over the Ural Mountains from the Sahara Desert. 
During this period the wet-rock is not passed through mechanical driers; 
instead it is spread out to a thickness of about a foot on specially prepared 
level areas near the drying plant. These areas are served by three types of 
Diesel machines; one for taking the phosphate from the cars and spreading 
it evenly, another to rake over the beds of phosphate to hasten the drying, 
and a third to pick up the sun-dried phosphate (5 per cent moisture) 
and load it into cars which are hauled directly to the bins at Casablanca. 

The pier at Casablanca was especially designed for storing phosphate 
rock and loading it into ocean vessels. The storage bins have a capacity 
of about 75,000 tons. By means of an especially elaborate belt conveyor 
system the bins are loaded from the railroad cars and the phosphate is 
loaded into the boats at the rate of about 1,000 metric tons per hour. 

Phosphate mines in Morocco are owned by the Office Cherifien des 
Phosphates. The capital investment was supplied by the French govern- 
ment which took as' security an issue of first mortgage bonds in ‘‘OCP^', 
the common stock going to the Moroccan government. Practically all of 
the personnel in management in Morocco is French and report to the main 
office in Paris. 

Khouribga was the first phosphate rock mine developed in Morocco and 
was put in operation in 1925. Its product is known in the trade as ‘‘Morocco 
phosphate” and is sold “tel quel”, quaranteed to grade not less than 
73 per cent BPL, though shipments usually run close to 75 per cent BPL. 
When Khouribga came into operation demand for phosphates in Europe 
was rapidly increasing. Because of the shorter ocean haul, cheap labor, 
and the high grade of its phosphate rock, it succeeded in taking away the 
greater part of the exports from the Florida pebble field to northern Europe. 
In 1939 Khouribga shipped over a million tons of phosphate rock from 
Casablanca. Loading facilities at Casablanca are shown in Figure 4. 

The other phosphate rock mine in Morocco, located about 130 miles 
southwest of Khouribga is known as the Louis Gentil mine. Development 
work commenced about 1930 and shipments began in 1935 through the port 
of Safi on the Atlantic Coast, about 140 miles south of Casablanca. 

Louis Gentil was opened up similarly to Khouribga but with only one 
main haulage adit. The phosphorite bed is of about the same thickness 
and the same method of mining is used. The phosphate is hauled out of the 





>g Moroccan phosphate with pneumatic drills. 


^xotm^ 2. Method of sun-drying Moroccan phosphate. 
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(Courtesy of International Minerals and Chemical Corporation, Ltd.) 

Figure 3. Drying plant of the Khouribga Mine. 


(Courtesy of International Minerals and Chemical Corporation, Ltd.) 
Figure 4. Loading Moroccan phosphate for shipment at the Port of Casablanca. 
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belt-bucket excavator delivers the phosphate to an aerial tramwav whinK 
carries it about miles over rolling country to the diying plant a^t 
Gentil village. This drying plant is much smaller than thfone at Kb™ 
but very similar. From the dry-rock storage bins the phosphate 
by rail about 35 miles to the port of Safi. Here a siSlfb^smali IT S 
for storage and boat loading is installed on a pier. Louis Gentil phosnLf 
^ Wn m the trade as “Safi phosphate” and grades about 70 per cent 

During World War II, with Germany occupyinff Mororoo 

Algeria-Tunisia Field’ ’ « 

iTs :s ‘“t 

take; of thoir ^rCr,S,^eio„^d Too 

Of the European markerrrQTQ T 

much ph„,pL“T “did T ““ “ 

than that of Morocco. ’ * their production was less 

As the deposits are very similar to those of Morocco the minino. oa., +■ 
are also very much the sam^ wnn t -morocco tne mining operations 

by one or morrhaulageXf^m tl °P®“®<i 

by private companies. All mines are operated 
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Algeria on the Mediterranean. The many years of operations at annual 
productions of from 400,000 to 800,000 metric tons have about exhausted 
this deposit. In recent years this same company acquired a concession to 
develop other large deposits located about 50 miles south of Tebessa that 
can be mined by open-pit methods. These new deposits are expected to 
supplant those at Djebel Kouif as the latter are mined out. A railroad will 
be built from Djebel Onk, where this mine is located, to Tabessa to connect 
with the existing railroad to the port of Bone. 

Another open-pit mine is operated by Cie. M’Zaita near the town of 
Setif. This phosphate is hard and breaks in quite large sizes. It is sold prin- 
cipally to the steel industry in Europe, shipments being made through the 
port of Bougie. 

Production from Algeria in 1939 was about 500,000 metric tons but during 
the war years, with German occupation and shipping difficulties, production 
dropped very low. After the Allies took over, shipments began to increase 
and by 1947 Algeria had recovered with shipments of 713,000 metric tons. 
Increase in the cost of labor is said to be holding back further developments 
in Algeria. 

Most of the Tunisian production of phosphate comes from the Gafsa- 
Metlaoui-Redeyef area. These mines ship through the ports of Sousse 
and Sfax, about 175 and 150 miles east of the mines. There are some smaller 
mines in the northern area of Tunisia which ship through Tunis. 

For many years the largest phosphate rock producer in the world has 
beeu the Cie, des Phosphates et du Chemin de Fer de Gafsa which also 
owns the rail lines to Sfax and Sousse. In normal times Gafsa produces 
more than a million tons annually from its mines near Rodeyef, Metlaoui 
and Gafsa. However, with the increasing demand for phosphate rock in the 
United States since the end of the war, the probable world's largest producer 
is the International Minerals & Chemical Corporation operating in the 
Florida pebble, Tennessee and western fields of the United States. 

Other companies operating in Tunisia are known in the industry as 
Tunisiens, M’Dilla, Dyr, and St. Gobain. 

In 1930, just before the world-wide depression, Tunisian production 
reached a peak of 3,226,000 metric tons. The war, with its German occupa- 
tion, reduced this to a fraction. No doubt Tunisian production will return 
some day to the 1930 figure or exceed it, if and when real peace returns to 
Europe with its normal economy. 

Production from the Algerian-Tunisian field totalled about 2,128,000 
metric tons in 1939, only 1,006,000 tons in 1945, recovering to 2,534,301 
tons in 1948. 

During these same years the total production from French North Africa 
was 3,831,000 metric tons in 1939, about the same as that of the United 






{Courtesy of International Minerals and Chemical Corporation, Ltd.) 

Figuee 6. Phosphate loading plant at Bona, Algeria. 

i-d alone produced more phosphate rock 

than did the whole of French North Africa. Figures 5 and 6 show the n^inin g 
and loading of Algerian Phosphates. 
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Egypt7.ll 

Phosphate rock production commenced in Egypt in 1908. Today there 
are two mines producing, although their shipments have never been very 
large. Most of the Egyptian phosphate is exported. One of the mines is op- 
erated by an English company at Safaga, about 280 miles southeast of 
Cairo and about 18 miles west of the Red Sea. An Italian company operates 
the other mine at Kosseir to the south of Safaga. 

Both of these deposits are phosphorites in Cretaceous sediments and are 
similar to the Tunisian deposits. Mining at Safaga has been an open-pit 
operation (strip mining) along the outcrop of the phosphorite bed, removing 
the hanging-wall as overburden to a depth that the cost of mining will 
warrant. At Kosseir the mining is underground using the room-and-pillar 
method. The grade of Egyptian phosphate usually ranges between 66 to 
68 per cent BPL. The rock is higher in carbonates than most phosphates. 

The bulk of the Egyptian phosphate produced in years prior to the war 
was shipped to Japan from ports on the Red Sea. The war made ocean 
shipments diflftcult and in 1941 the output dropped to 112,000 metric tons 
as compared to 548,000 tons in 1939. Since World War II Egypt’s produc- 
tion has recovered somewhat amounting to 377,000 tons in 1948 and 350,000 
tons in 1949. 

Phosphates of Eueope 

At one time Belgium, England, and France produced a considerable 
tonnage of low-grade phosphate rock which was depended upon to meet 
the agricultural demands of those countries for soluble phosphate fertilizers. 

While these phosphate deposits are not yet entirely exhausted the dis- 
covery of the vast fields of higher grade and more cheaply mined phos- 
phates in the United States soon caused mining operations in these countries 
to dechne, and since the development of the immense phosphate deposits 
of Northern Africa and later those of Russia, the output of French and 
Belgium phosphates has almost ceased. 

With the exception of Belgium, these countries own or control extensive 
and valuable phosphate areas in Africa and on certain islands in the 
Pacific and Indian Oceans. Next to the United States and North Africa, 
however, the phosphate deposits of Russia are the most important from 
the standpoint of production and reserves. 

Belgium 

The principal phosphate region in Belgium is situated at Ciply and 
Mesvin, near Mons. These phosphates occur either as nodules imbedded in 
a matrix of clay or as beds of phosphatic chalk in Tertiary -and Cretaceous 
strata. The grade of rock now available averages only from 40 to 45 per 
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cent tncalcium phosphate and contains such a large proportion of acid 
consuming impurities that it is uneconomical to use alone for the manu 
facture of superphosphate. Accordingly, the small tonnage mined is mixed 
with richer phosphates from other sources in order to give available or 
water-soluble phosphates of marketable grade. 

England 

Tn coprolites occur over widely scattered areas 

in the British Is es but the rock is of such a low grade that it now has but 
little commercial significance. 

^ The most productive deposits have been those in the Cambridge upper 

?toT2 inrhesT?? ""Tf 

in SuffX ’ ^ “^terial 

The average grade of the English coprolites is below 50 per cent tri- 
ca cium phosphate and the rock contains such a high percentage of iron 
I to use it for the manufacture of superphosphate 

unless It IS blended with a large proportion of high-grade phosphate from 
other sources. As in the case of Belgium the exploitation of these coprolite 
deposits IS no longer profitable and production has practically ceased. 

France 

_Low-^ade phosphates occur in the Departments of Aisne Ardennes 
Meuse, Oise, Pas de Calais and Somme. The rock is of Cretaceous me and' 

f Phosphatic chalk and as narrow bands from 2 to 10 
inches thick m Cretaceous Green Sand. 

The rock ranges in grade from 45 to 65 per cent tricalcium phosphate and 
while at one time of considerable importance from an agricuSa “ 

arNorthem’^A? phosphates of the United States 

seat operations, if any, are conducted on a very 

hmted scale— the rock being mixed with higher grade phosphates from 

otW sources and manufactured into superphosphate. 

Duru^ both World Wars practically all of the phosphate area of France 
Suce?™“"“ ’ ^ appreciable tonnage was 

Germany 

»' importa«, have been 

nd in Gerinany, although it was reported that low-grade phosphates 
were iscoveredun the vicinity of Neurenburg in 1918. Some phosphorite 

produced from the latter deposits during World War T and just prior to 
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World War II but the beds are not only of a low grade but so pockety in 
nature that they cannot be economically mined in competion with the 
extensive and high-grade deposits in the United States, Africa and Russia. 

Spain 

Two deposits of phosphate have been reported in the province of Es- 
tremadura, Spain. One occurs in limestone formations and the other is a 
concretionary variety of apatite. These deposits have been mined since 
1865 but production has fallen off markedly since the extensive exploitation 
of North Africa phosphates. In 1949 the output from Spain was reported 
to be about 23,000 metric tons. 

Sweden and Norway 

Apatite occurs in Norway and Sweden but the rock is associated with 
other minerals and requires hand-picking or beneficiation to render it 
suitable for the manufacture of superphosphate. Moreover the deposits 
are not sufficiently large or extensive to permit exploitation in competition 
with those of the United States, North Africa and the Soviet Union. The 
apatite in northern Sweden is associated with iron ore, from which it is 
separated by flotation. During the war a plant was said to have produced 
about 25,000 tons of apatite per year, but it is doubtful if these deposits 
can be worked at a profit under normal conditions. 

Russia^'® 

Russians deposits of phosphate were first mined in 1885. Many deposits 
of phosphorite west of the Ural Mountains have been mined from time to 
time, notably near Podolio and Bessarabia. Superphosphate has been made 
for many years from Podolio phosphorites. The Kostroma and Viatka 
phosphorites produce superphosphate containing approximately 12 per 
cent P2O5. Low-grade phosphorites at Smolensk, Koursk, Voronech, Sara- 
toff, Simbirsk and Voleyda have been finely ground for direct application 
to the soil. 

About 1930, on the Kola peninsula, not far from Murmansk, a huge 
igneous deposit of apatite was discovered in the U. S. S. R. and since then 
has been developed into one of the world’s large sources of phosphate rock. 
This deposit forms a mountain of a mixture of various minerals, such as 
nepheline, aegirite, titano-magnetite, titanite and apatite. 

The deposit has been opened by driving a large haulage tunnel capable 
of accommodating complete trains of ore cars of outside railroad gauge. 
From this main tunnel about 20 miles of smaller tunnels have been driven 
and equipped with electric haulage. 

At the town of Kirovsk, not far from the mine entrance, a large concen- 
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tratmg plant has been built equipped with crushers, grinding mills and 
ae neeessaiy flotation equipment to separate the apatite from the other 
minerals^ The major part of the mine production is treated by flotation 
nd yields a very high-grade apatite concentrate up to 88 per cent BPL Tt 
IS said that titanite is also recovered by selective flotation for the production 
of titanium compounds. That part of the mine production which 
concentrated is shipped direct to metallurgical plants. The annual output 
of cmde and concentrates is estimated at more than two million tom^ 

but there are no accurate production data available. 

Murmai^k is now connected by rail with Leningrad and other cities of 
European Russia. As Murmansk is an open port practically all ytar r^und 
I.T A»tic Oi„l,, pKbably most of the kI S' 

Kola phosphate were imported into the United States. ^ “ 

Apatite IS not always competitive with phosphorite on an equal basis 
due to Its lack of porosity. It is a ciystalline mineral and theXe 
whereas phosphorite is rather porous, even appearing to be diy when ac’ 
tolly contaimng as much as 5 per cent moisture in its very fine porTs' 

■ When apahite grams are treated with sulfuric acid in the supeiphosXe 
process, they are attacked only on the surface, whereas the phosphorite 
thXf Mid within their pores which have an area many tX 

that of the surface of the particles. Apatite requires about three times Z 

loi^ as phosphorite for the chemical reactions to be completed. 

here are some phosphate rock deposits in Asiatic Russia Ono 
Xheui Mountains near Ugolny in about latitude N 60°^ 

StX n southwest of Balkhash on the Golodnaya 

Steppe near the western end of Lake Balkhash. There are no authoritative 
figures on Rc^sia’s production of phosphate rock but the ouW XqS 
was estimated at 2,500,000 metric tons. ^ 

Island Deposits 

In the Pacific and Indian Oceans and in the Caribbean Sea are found 
many deposits of phosphorites on small islands. Most of these islands are 
by the eruption of basic lava quickly coded T^ 

came the zoophytes, orgamsms that deposit calcium carbonate fcoralV 

large dJUrof '^anr^^^ 
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soluble constituents in the guano and the phosphate solution was fixed by 
the coral, eventually changing the calcium carbonate into tricalcium phos- 
phate. 

When there was no intermixture of detritus from the erosion of the basic 
lava, the resultant grade of phosphorite was very high, usually over 80 per 
cent BPL. On some islands where the coral was in the form of pinnacles, 
much lava detritus, now resembling soil, is mixed with the phosphate, some- 
times greatly diluting it with iron and aluminum compounds, resulting in 
a phosphate sand containing as high as 35 per cent iron and alumina and 
only 35 to 40 per cent tricalcium phosphate. Such phosphate can be used 
only for direct application to the soil. 

Depending on the type of island deposit, mining is carried on by quarry- 
ing, by dredging, and by post-hole digging of the phosphate in holes in the 
coral. 

Japan’s Mandated Islands 

Japan carried on mining operations on many of her mandated islands 
received from Germany after the first World War, such as Fais, Peleliu, 
Angaur, Sonsorol, Tobe, of the Caroline group; Rota, Saipan, Tinain, of 
the Marianas group; Okina Daito and Kita Daito, of the Ryukyu group; 
Ebon of the Marshall group; and many other small islands that produced 
unimportant tonnages. 

In 1945, when Japan surrendered to the Allies, these islands had stock 
piles of mined wet-rock ready to be dried and shipped amounting to 258,000 
tons. Ihimined reserves on these islands in 1946 were estimated at 2,760,000 
tons. Of these reserves Kita Daito had about 1,400,000 tons, Angaur 
800,000 tons, and Fais 200,000 tons. 

In 1933 these islands produced 98,718 tons. Shipments rose to a maximum 
of 322,236 tons in 1939 and then gradually fell off to 171,000 tons in 1943, 
and ceased entirely after shipping about 36,000 tons in 1944. Even at the 
peak of production these islands supplied only about one-third of the phos- 
phate rock required by Japan for its very intensive agriculture. 

Because of the urgent need of phosphates in Japan, General MacArthur, 
late in 1945, asked for shipments of rock from the United States, and the 
resumption of production from these islands which at that time were under 
control of the United States Navy. The Japanese had efficient drying plants 
and equipment on four of these islands— Angaur, Fais, Rota and Kita 
Daito— but they had been either destroyed or badly damaged as the Pacific 
front advanced from Guam. However, the Navy had phosphate production 
of wet-rock started by June 1946 and loaded the first cargo from Angaur 
island in August of that same year. In 1947 about 140,000 tons of Angaur 
phosphate had been shipped to Japan. Upon completion of repairs to plants 
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and loading piers annual shipments of dry-rock were expected to increase 
matenally. However the relatively limited reserves on these islands will 
not last many years. 

Before Ae war Japan consumed over 800,000 tons of phosphate rock 
annually. The relatively small islands forming the Japanese empire proper 
have an area only a little larger than that of the British Islands buL 
population over one and a half times greater. Intensive agriculture is neces 
saiy therefore to produce the crops needed to feed the people and the bulk 
of the phosphate rock was consumed in the manufacture of fertiUzer. 

Ocean and Naiiru Islands^ -n 

In the Gilbert group are the British Islands of Nauru and Ocean just 
equator near Longitude 167° East. On these two islands are 
^zeable deposits of phosphate. They are operated by the British Phosphate 
ZedlT'"" account of Great Britian, Australia, and New 

and about 2,200 miles 
^ area of less than 12 square miles 
^st of winch IS phosphate bearing. A strip of land along the coast from’ 

bSt ^ relatively level, but beyond this 

belt the land rises to a height of over 200 feet. The elevated portion of the 
island consists almost entirely of phosphate rock and coral pinnacles. 

Ihe phosphate was recognized as such about the year 1900 and exploita- 
tion began in 1906. The phosphate beds are surface deposits with littk or no 

• ^ the coral pin- 

grtdt fr^r sTt Tv® l^bor. Nauru Island rock ranges in 

gr^e from 83 to 87 per cent in calcium phosphate (BPL) 

occuTundTT about one-third the size of Nauru, but the phosphate 

ThcT k T and of an equal grade. 

andTx?n?+^ island was discovered somewhat earlier than that on Nauru 

table Stw T t “ best deposits are found on the central 

table land where the phosphate beds extend to a depth of 30 feet or more 

breIkin?S^tt first removing the light overburden and then 

breaking out the rock with mechanical shovels as well by hand labor The 
excavated phosphate is then loaded into skips which ie elevateTby a 
tbp r^ carried to a head tower and dumped into a hopper. From hTe 

The mnk into side dumping trucks and carried to wet storage bins. 

Thejock IS then crushed, screened and dried for shipment. 

mfvter islands were well managed and equipped with 

1942 tk they fell into the hands of the Japanese in 

1942 the mimng and loading facihties were badly damaged. 

The equipment, however, is now being rehabiUtated and. production has 
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risen markedly. The output from these islands in 1940 was 1,263,000 
metric tons, of which the bulk was mined on Nauru. In 1949 the combined 
production of these islands (based on exports) was 1,067,000 tons. 


Couriesij of hdernalional Minerals and Chemical Corporation, Ltd.) 

Mining high-grade jihosphate rock on the island of NUuru, 
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One of the greatest problems in the development of the Nauru and Ocean 
Island deposits was the lack of harbors for deep draft vessels, necessitating 
loading in the open sea. This difficulty was partly overcome by the con- 
struction at Nauru of a cantilever loading pier reaching beyond the outer 
edge of the coral reef surrounding the island. This arrangement permitted 
the rock to be loaded rapidly and cheaply, 

Makatea Island^- 

The small island of Makatea is one of the Society group about 120 miles 
north of Tahiti. It has an area of only 1,200 acres, but much of it contains 






°II^‘‘’-^lionalsWnerah and Chemical Corporatim Lid) 
phosphate ro;k is 

phosphate rock simUar in character and grade to that on Nauru and Ocean 
deposite are owed or controlled by the Anglo-French Phos- 
phate Company. The island is rather heavily wooded, but the phosphate 

Sued tT is rather chLply 

imned^ The grade of phosphate ranges from 80 to 82 per cent tricalcium 

phosphate with a low content of iron and aluminum oxides. The rock is 
sSmeS ^ ^ stored for 

Prior to World War II (1939) the output of Makatea phosphate 

by the Japanese the production of Makatea phosphate was stepped up to 
help meet the shortage of fertilizers in Australia and New Zealand. The 
toS°^^*^ ^ ° phosphate from this island in 1948 are estimated at 185,000 
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Christmas Island^^ 

This island, which is under British control, is situated in the Indian 
Ocean about 190 miles southwest of Java. It has an area of less than 60 
square miles. Like Makatea, this island is rather densely wooded. 

The phosphate deposits of Christmas Island are similar in many respects 
to those of the Pacific Islands and the grade of the rock is fully as high 
(averaging well over 80 per cent tricalcium phosphate). Limestone pin- 
nacles that octcmr in the phosphate beds render it necessary to employ 
much hand labor. 

The phosphate is carried by tram cars drawn by small diesel locomotives, 
dumped over 2^-mesh screens into hopper cars. The coarser materials are 
fed to jaw crushers, screened, and loaded into separate hopper cars. The 
crushed rock containing from 8 to 25 per cent moisture is then sent to 
the port about 12 miles from the mines where it is passed through rotary 
oil-fired driers and the moisture reduced to 2 to 3 per cent. The dried 
product is then loaded into storage bins, from which it feeds onto fast 
moving belts that run to the loading piers and discharge the rock direct 
into vessels moored alongside. 

As is the case with most of the phosphate-bearing islands, shipment of 
the rock is handicapped by lack of harbors and the great depths of water. 
Ships are held away from the piers by costly mooring buoys, and in rough 
weather it is often necessary for them to put to sea to avoid being wrecked. 

Just before Christmas Island was taken over by the Japanese, the British 
demolished the mining and loading facilities, but these have been largely 
restored and production of phosphate rock resumed. Shipments in 1949 
were close to 239,000 tons. 

According to a recent report^, an agreement between the Australian 
and New Zealand governments is being considered for the purchase of 
the phosphate leases on this island. 

Curacao*^ 

Although phosphates are found in many islands in the Caribbean Sea, 
only the Dutch Island of Curacao, off the cost of Venzuela, contains known 
deposits of present commercial importance. The phosphate ocicurs on a hill 
near the seacoast at Fuick Bay, and is said to cover an area of about 60 
acres at a depth of 60 to 70 feet. Prior to 1932 the grade of rock mined on 
Curacao ranged from 85 to 87 per cent BPL, but at that time rock con- 
taining 77 to 79 per cent BPL began to be developed and now most of that 
shipped is of this latter grade. Curacao phosphate contains less than 1 
per cent of iron and aluminum oxides and is much lower in fluorine than 
that from Florida, Tennessee and the western states. Small tonnages are 
imported into the United States for use in stock feeds. 
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inn nnn ^ annual output of Curacao phosphate averaged 

100,000 tons over quite a period, but as the highest grade rock neared 
exhaustion, production fell off somewhat. In 1939 exported totaled 64 000 
tons but dropped to 9,000 tons in 1945. The production in 1949 was esti 
mated at 65,000 tons. 

Other small West Indian islands that have produced phosphate in the 
past are Araba, Redonda, Navassa and Sombrero. Their present output 
IS small and in the case of Redonda and Navassa the phosphate is so hkh 
in iron and alumina that it is considered unsuitable for the manufacture 
of superphosphate. 

Canada, Mexico and South America 

Canada 

While the bulk of the phosphate rock consumed in Canada is imported 
from the Umted States, deposits of Pre-Cambrian apatite occur in the 
Ottawa-Kmgston region of Ontario and Quebec. These deposits were of 
considerable importance before the development of the Florida phosphate 
fields, but production now amounts to only a few thousand tons. Most of 
the rwk is used locally by the Electric Reduction Co., Buckingham, Quebec 
for the manufacture of elemental phosphorus by the electric furnace process.’ 
The only other known phosphate in Canada is a low-grade sedimentary 
eposit of phosphorite just west of the boundary between southern Alberta 
and British Columbia. This deposit was worked during World War II. 

Mexico^^ 

Low-grade phosphate deposits of Jurassic or Cretaceous age occur in 
various parts of Mexico, but few have proved of commercial importance. 
The only one wbch has been exploited to any extent is near Monterrey 
in Zacatecas ^is rock is used in the manufacturer of low-grade super- 
phosphate at El Vergel, Durango. 

Brazil 

“Although the reserves of phosphate rock in Brazil are reported to be 
arge the deposits have been exploited to a veiy limited extent. According 
to Noyes” several thousand tons of apatite a year are being produced from 
eprei s at Ipanenia, San Paulo, where apatite is recovered in the form of a 
high-grade concentrate by removing the iron present with magnetic separa- 

eomrlTo , ■ phosphate rock is exported. 

commercial or near commercial 

posits of apatite, phosphonte, aluminum phosphate and guano. 
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Chile'^ 

Apatite deposits also occur on both slopes of the Coast Range between 
Copiapo on the north and Coquimbo on the south. The rock is calcined 
with sodium nitrate or sodium sulfate yielding a product similar to Rhenania 
phosphate containing 24 to 25 per cent of citric solubleP20&. 

Asia 

Although phosphate deposits have been reported in various parts of 
Asia, many are merely of local importance and few have been extensively 
developed. 

China" 

In 1924 some high-grade apatite deposits were discovered in the province 
of Kiangsu, eastern China, but mining operations were on a limited scale 
until the Japanese took over this area and stepped up mining operations to 
about 50,000 tons per year. The rock is said to average 75 per cent BPL. 
A deposit containing 2,000,000 tons of apatite was reported discovered 
during World War II in Yunnan Province near the south end of Kungan 
Lake. The confused situation in China makes the systematic development of 
its phosphate resources rather unlikely. 

Indochina" 

Small deposits of phosphate rock are found in several places in Indochina, 
and French interests worked them to a limited extent for a number of years 
prior to World War II. The rock varies greatly in composition (37 to 74 per 
cent BPL), and hence the average grade is too low for the manufacture 
of superphosphate. According to Noyes" the production in 1939 amounted 
to 35,694 metric tons which was finely ground and applied directly to the 
soil. 

An apatite deposit in the Lao Kay region, northwestern Tonkin, approxi- 
mately 250 miles by rail from the port of Haiphong was exploited by the 
Japanese during the War and in 1942 it was reported that 100,000 tons 
were produced. The installations, however, were subsequently heavily 
bombed and partially destroyed. It is doubtful therefore, if such a tonnage 
can be mined again for some years. 

India® 

A number of small apatite deposits occur in various parts of India. The 
better known ones are located in the copper belt of Dhalbrum (eastern 
Singhbhum) where the apatite is associated with magnetite. In addition, 
spotty occurrences of phosphate nodules are found in an area of 11 to 12 
square miles to the southeast and northeast of Uttatur, 20 miles from 
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Tnchmopoly. The known deposits of India apparently are insufficient to 
supply the fertilizer needs of that vast country, but the government is 
stressing the importance of establishing a phosphate industry and is weigh- 
ing the relative merits of the several processes for treating bones and phos 
phate rock to render phosphoric acid available to crops. 

Asiatic Russia^ 

The krgest deposits of phosphate rock in Asia are said to be in the 
Kazak Repubhc of Soviet Russia. In 1931 the reserves of rock in this arel 
con aining from 20 to 42 per cent BPL were estimated at 1,321,568 000 
metric tons distributed as follows; Aktyubinsk district, 706,000,000 tons- 

55 T : Kazak district,’ 

155,000,000 tons. No actual production figures are available 

Other depc«its have been reported in the Kara-Kalpak’ and Tadzhik 

Republics of ^latic Russia with reserves amounting to nearly 20 000 000 

metric tons of phosphate rock containing from 26 to 55 per cent BPL. It 

IS not known to what extent these phosphates are being exploited but if 

the rock can be economically beneficiated, processed and distributed the 

eXm^^eT importance in the development of a vast agri- 
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10. Elemental Phosphorus and Its 
Manufacture 

Wm. H. Waggaman 

Senior Mineral Technologist^ Bureau of Mines, U. S. DepL of Interior 

Introduction 

Thirty years ago the bulk of phosphoric acid and its compounds were 
produced by the action of sulfuric acid on phosphate rock. Only a relatively 
small tonnage of pure acid and high-grade chemicals were derived directly 
from elemental phosphorus. 

This was caused by the incomplete development of thermal methods 
for the reduction of phosphate rock and to the apparent economic superi- 
ority of sulfuric acid as a reagent in producing phosphoric acid and phos- 
phates for fertilizer purposes. 

In recent years more favorable electric power rates, improvements in 
furnace design, and the general adoption of the Cottrell electrical pre- 
cipitator as a means for collecting the P2O5 evolved in the combustion 
of phosphorus, have contributed to the successful development of thermal 
reduction methods, and now the bulk of the phosphoric acid employed for 
food and chemical purposes is derived from elemental phosphorus. 

As the medium through which pure concentrated phosphoric acid may 
be produced, phosphorus is of interest to all potential consumers of high- 
grade phosphate products, and descriptions of the methods employed in 
manufacturing this element are an essential part of any treatise on phos- 
phoric acid. 

A Review op Methods for Producing Phosphorus 

While the production of phosphorus has always depended on the volatil- 
ization of this element from its compounds under inducing conditions, in 
the early days of its manufacture the system employed was elaborate, 
cumbersome, and costly It involved: (1) the treatment of phosphate of 
lime with sulfuric acid; (2) the separation by filtration of the phosphoric 
acid thus obtained; (3) the concentration of this acid by evaporation; and 
(4) the mixing of this acid with charcoal or coke and heating the mixture 
to high temperatures in clay retorts. Practically every step entailed some 
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bcompllte ““ phosphorus was ve^ 

According to Readman 22 , the substitution of silica for sulfuric acid to 
obtain phosphorus directly from phosphates of lime was first proposed bv 
Auberton and Boblique in 1867, when these investigators took out^a patent 
covering the volatilization and collection of elemental phosphorus^ from 
pulverized mixtures of phosphate rock, sand and coke heated to a hieh 
temperature in closed containers. One year later (1868) Brison' advocated 
the use of a blast furnace for smelting natural phosphates and producine 
elemental phosphorus; m 1879 Serve took out a patent in which he pro^ 
posed the use of blocks or bricks of an intimate mixture of phosphates Ld 

n 1889 Readman proposed to produce elementary phosphorus by heat 
mg m an electric furnace (from which air was excluded) a misture of phos 
phorus.y,eldmg mate^^ (in solution), sand and coki Two years ti 
(1891) in an address before the Society of Chemical Industry^ this in- 
ventor stated that he had found it was unnecessary to dissolve the phol 
phate mineral with sulfunc acid before furnacing, since a mixture of sand 
completely at the temperatures attained in the 
Ha general scheme is almost universally employed to- 

^ y in the manufacture of phosphorus. The processes of Wing*®, Duncan’" 

C- Landis’", and Half (12) are similar to that proposed Sy Sman’ 
jce (with the exception of that of Wing) they all deal with the produZn 
of phosphorus by smelting mixtures of phosphate rock, sand and coke 

briquetted or molded charges on the basis that the temperature was 
avoided, and a purer product recovered. Van 
Ruymbeke», appears to have been the first in this countiy to patent a 
^mace process for the recovery of phosphoric acid rather than phoVhorJis 
e advocated the use of a blast furnace for treating mixtures of phosphate 
Jk a reducing agent, and an acid flux, introducteg into the upp^t^ 
the furnace sufficient air to oxidize the elemental phosphorus evolved 
^ echenbleikner proposed making up an electric furnace charge of phos- 
p te rock, coke and a potash-bearing feldspar (in lieu of silica or Tand) 
n order to produce both potash and phosphorus The economL possTffih 

invesS^irw R xf have also been 

thit ^ and Jones^l These investigators showed 

that both potash and phosphorus can be driven off even at relativ^rw 
tempratures provided strict reducing conditions are LffitaSIn the 

into 2m“rhe?rt“ «f Phosphate rock and carbon 

P nitrogen, claiming that phosphorus and carbonitrides 
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are produced which can be converted into ammonia and ammonium phos- 
phate by treatment with steam. No particular type of furnace is specified 
by this inventor. As far as known, however, there has been no commerical 
application of this process. 

With a view to the simultaneous production of ferrophosphorus and 
phosphoric acid or other phosphorus compounds, J. J, Gray^^ proposed to 
smelt a mixture of phosphate rock, silica, coke, and iron ore in an ordinary 
blast furnace. The ingredients in the charge are so proportioned that while 
the maximum displacement of phosphorus from the phosphate rock is 
sought, the amount of iron added in the form of ore is insufficient to take 
up all of the phosphorus thus evolved. For a number of years, two blast 
furnaces for the production of ferrophosphorus were operated in Tennessee, 
but they are now closed down. 

Washburn and Heckenbleikner each took out a great number of patents 
dealing with processes for the volatilization of phosphorus and with types 
of furnaces in which the reactions may be brought about. Space forbids 
detailed discussions of all these methods and apparatus, but they are listed 
in Table 13 of the Appendix. 

Washburn^® proposed to charge a mixture of phosphate rock, silica, and 
carbonaceous material into the shaft of a blast furnace, where the com- 
bustion of the fuel is effected and the mass brought to a state of fusion. 
The molten material is then run into the crucible of an electric furnace, 
where the final smelting of the charge and complete volatilization of the 
phosphorus is effected. * 

Several years later Washburn^® described an apparatus in which certain 
features of both the blast and electric furnace are combined, and suggested 
a briquetted mixture of phosphate rock and silica in order to insure free 
passage of the gaseous products through the charge in the shaft. Air is 
introduced into the shaft to burn the combustible gases and evolved phos- 
phorus and thus preheat the green charge. 

Both Hechenbleikner^^ and Washburn^^ described furnaces in which the 
charge is fed through a rotary kiln and the preheated or partially smelted 
mass then run into the crucible of an electric furnace, where coke or some 
other carbonaceous material is added and the phosphorus driven off. By 
leading the hot and burning gases through the kiln countercurrent to 
the phosphate charge, heat economies are effected which cut down the 
energy required in smelting the material in the electric furnace. 

Southgate^® described a combined fuel and electric blast furnace in which 
the tuyeres are filled with granular coke and supplied with a suitable elec- 
tric current. A mixture of air and combustible gas or oil is ignited and 
serves to carry the current into the furnace. Thus he claimed the advantage 
of the combined effects of fuel and electric energy. 
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Peinciples Involved in Pbesbnt Peocesses foe Peoducing 
Phosphoeus 

In the manufacture of phosphorus from mixtures of phosphate rock 
silica and carbon according to the present commercial processes two funda- 
mental principles are involved : 

(1) At high temperatures (1500 to 1800°C) silica assumes the properties 
of a relatively strong acid in so far as its ability to combine with bases is 
concerned, and therefore it can displace the phosphoric acid of phosphate 
rock forming silicates of lime and free phosphoric anhydride (P2O5) 

(2) When carbon or coke is added to the mixture to be smelted, elemental 
phosphorus and a molten calcium silicate slag are produced and if reducing 
conditions are maintained throughout the operation the decomposition of 
the rock and expulsion of its phosphorus content may be brought about 
at temperatures ranging from 1,300 to 1,500°C. 

According to Nielsen^s tricalcium phosphate and silica begin to react 

f ^ compounds up 

to 1,650 G. Unless a reducing agent is present, however, these chemical 
changes merely consist in certain combinations of the two substances and 
no phosphoric acid is evolved. This same author states that while CO will 
not reduce tricalcium phosphate this latter compound is completely re- 
ducible by carbon, the reduction beginning at 1400°C. He claimed, how- 
ever, that some phosphorus always remains in the residue because the 
CaO formed unites with the undecomposecj calcium phosphate to form 
more basic compounds of phosphoric acid which are not reduced by carbon. 
Peacock took issue with Nielsen on this point, stating that if the evolved 
gases are removed as fast as they are formed, complete dispersion of phos- 
phors IS obtained by heating mixtures of phosphate rock and carbon 
and Ross, Mehring and Jones^^ state that if pure tricalcium phosphate 
mixed with one-fifth of its weight of carbon is heated to 1400°C in a re 
ducing atmosphere, 96 per cent of the phosphorus contained therein is 
volatilized, and if the temperature is carried to 1550°C, the evolution of 
phosphorus is complete. 

The presence of a reduping agent is essential, however, in order to bring 
about the volatilization of phosphorus at the lower temperatures. Some 
early investigators as weU as the writer observed that by heating finely 
ground mixtures of phosphate rock, silica, and coke under reducing con- 
ditions the volatilization of phosphorus begins considerably below 1 300°C 

and by prolonged heating at this temperature the bulk of this element may 
be driven off. 

Ross, Mehring and Jones^^ calculated the decomposition temperatures 
ot calcium phosphate and carbon with and without the addition of various 


ELEMENTAL PHOSPHORUS AND ITS MANUFACTURE 


135 


proportions of silica and found that these calculated temperatures checked 
fairly closely with those observed in actual experiments. 

Table 1 is part of one taken from the article just cited. A study of Table 
1 shows that fewer calories and lower temperatures are required where cal- 
cium phosphate is mixed with silica and carbon in the proportions given 
in equations (4) and (5) and as the ratio of silica to lime drops below 
these levels the temperature required increases. 

Whereas, various silicates of lime are no doubt formed in smelting mix- 
tures of calcium phosphate, silica and carbon, depending on the silica- 
lime ratio in the charge, the general course of the reaction is usually rep- 


Table 1. Decomposition Tempebatube op Calcium Phosphate in Reaction 
WITH Silica and Gabbon, Undeb a Pbessube op One Atmosphebe 



Reaction 

Calories 

Temp. 

Silica- 

Lime 

Ratio 

(SiO/CaO 

Phos.~ 
Carbon 
Ratio P/C 

(1) 

Ca 3 (P 04)2 + 5C 3CaO + P 2 -|- SCO 

418,900 

1,385 


2.37 

(2) 

Ca3(P04)2 + 8C Ca3P2 + SCO 

♦664,920 

1,690 


1.48 

(3) 

Caj(PO ,)2 + 80 -<■ 3Ca + P 2 + SCO 

749,920 

1,680 


1.48 

(4) 

Ca3(P04)2 + 3Si02 + SC Ca0-Si02 4- P 2 
4- SCO 

36S,350 

1,190 

1.07 

2.37 

(5) 

Ca3(P04)2 + 2Si02 4- SC (Ca0)3(Si02)2 

4” P 2 4“ SCO 

♦368,900 

1,200 

0.72 

2.37 

(6) 

2Ca3(P04)2 4> 3Si02 4- IOC 3(Ca0)2*Si02 
4- 2 P 2 4- lOCO 

752,900 

1,260 

0.54 

2.37 

(7) 

Ca3(P04)2 4- SiOa 4- SC (Ca0)3-Si02 4- P 2 
-4- SCO 

390,350 

1,280 

0.36 

2.37 


♦Estimated. 


resented by the following simple equation: 

Ca 3 (P 04)2 + 3Si02 + 5C SCaSiO^ + P 2 + SCO, 

The presence of various impurities in phosphate rock change the heat 
requirements and the character of the slag produced, but in general the 
reactions are assumed to take the above course and the furnace charge is 
proportioned accordingly. 

The Electkic Furnace Process for Elemental Phosphorus 

Since the consumption of phosphorus as such in time of peace is relatively 
small, the production of this element was rather limited until its value as 
a source of pure phosphoric acid was fully appreciated. Impetus was given 
to the manufacture of phosphorus over thirty years ago (1917 and 1918) 
when Ross and Carothers^ of the Bureau of Soils, U. S. Department 
of Agriculture, published the results of certain pilot plant experiments 


136 


PHOSPHORIC ACID AND ITS DERIVATIVES 


conducted in electric furnaces using mixtures of Florida Dho«!nV.o+^ i 
sihca sand and coke. The phosphorus evolved was Seized Si 
converted into phosphoric acid, which was collected in a Cottrelf 
cipitator. This work encouraged commercial developments along the 
lines but It w^ not until the Tennessee Valley Authority’. 1 «. 7 , n”" 
the Monsanto Chemical Co. and the Victor Chemical Works under+e v 
the systematic investigation of various types of electric 5 

auxiliary equipment that the manufacture of elemental phosphorus as^L 
intermediate in the production of phosphoric acid was devSd 
large commercial scale. “ was aeveloped on a 

Table 2. Pbobocebs of Elemental Phosphohus in the United States and 
— Theih Estimated Annual Capacities* . 


Producer 


Monsanto Chemical Co. 
Victor Chemical Works 


Tennessee Valley Authority 
Westvaco Chemical Division 
Oldbury Electro-Chemical Co. 
Virginia-Carolina Chemical Co 
American Agricultural Chemi- 
cal Co. 


Location 


Columbia, Tenn.; Monsanto, 
Tenn. 

Mt, Pleasant, Tenn.,* Tarpon 
Springs, Fla. Silver Bow, 
Mont. 

Wilson Dam, Ala. 

Pocatello, Idaho 
Niagara Falls, N. Y. 

Nichols, Fla.; Charleston, S. C, 
South Amboy, N. J. 


Total 


Estimated 

Annual 

Capacity 

(Short 

Tons) 


60,000 

57,000 


20,000 

30.000 

8,000 

14.000 
3,500 


192,500 


Per cent 
of Total 


31.2 

29.6 


10.4 

15.6 

4.1 

7.3 

1.8 


100.0 


naces. However most^of th^ elemental phosphorus in electric fur- 

™id and pure pkosphate compMuS Z Sfd 

■ cent P,0 rv?. 0,000 tons of medium-grade phosphate rock (32 per 

L A phosphorus industiy frL 1930 to I 9 S 

as well as the estimated j i 

Figure 1. capacity up to and including 1953 is shown in 

Composition of Furnace Charge 

, aepending upon the type and composition of the phosphate 
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rock employed, but the siliceous flux added is adjusted so that the Si 02 
and CaO bear a definite relation to one another. The amount of carbon 
added (as coke) is sufficient to reduce the P 2 O 6 and Fe 203 present to phos- 
phorus and metallic iron respectively. These ratios range approximately 
between the following limits : 

Si 02 /Ca 0 -^0.8 to 1.2 

P 2 O 6 /C ->2.3 to2.6 

A typical furnace burden for the production of elemental phosphorus 



Figure 1. Chart showing the phenomenal growth of the phosphorus industry 
(1930-1951). 

comprising high-grade phosphate rock and silica pebbles has the following 
approximate composition (Table 3). 

Since high-grade phosphate rock contains from 32 to 37 per cent P2O5, 
40 to 48 per cent CaO and only from 5 to 10 per cent Si02, it is obvious 
that it must be diluted with substantial quantities of sand or gravel in 
order to obtain a furnace charge having the proper silica-lime ratio for 
smelting purposes. Waggaman and Wagner®^ were the first to suggest the 
use of lower grade siliceous phosphates in making up an electric furnace 
charge, pointing out that it is often more economical to employ run-of- 
mine phosphates direct, rather than to selectively mine high-grade rock 
or incur the expense of beneficiation, only to add or return the main 
impurity (SiG 2 ) for fluxing purposes. The use of lower grade phosphates in 
making up an electric furnace charge is rather general practice except 
where long hauls are involved in bringing the rock to the reduction plant. 
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Preparation of Furnace Charge 

Both the electric and blast furnace processes for mo r x 

phosphorus or phosphoric acid require a phosphate charge riujp form 
The reasons for this are that fine material tends to hlol tn ^ * 
the phosphorus and gases evolved and cause hHHo-' a Passage of 
of the ,„™ce stoeh *eee„.ti„e M pi 

quantities of dust. ^ ot excessive 

Whereas, some phosphate deposits yield n faivitr Kmu 
lump .■«!=, the c™.h™g this mLl SZ Ipe Le t ITT f 
me„t .Iway. involve, the production of a co„^deSd,Ie p.oporton 

T"“ a™. 


Proportions of 


raw materials 


jHigh grade phosphate rock 2,000 lbs 
1 Silica pebbles 7l« iKo 

I Coke ( 85 % carbon) 324 



— 3,042 lbs 

Ingredients 

Analysis (%) 

— - — — 

Final Composition 


Phosphate Rock 

Silica Pebbles 

Coke 

of Charge 

P2O5 

34.0 




CaO 

45.0 



22.7 

SiOs 

Fe203 

5.0 

3.5 

98.0 

6.0 

29.6 

27.0 

AI2O3 

CO2 

4.0 

2.0 

1.0 

7.0 

1 2.3 

. 3.8 

P 

3.0 



1.3 

H2O 

Carbon 

1.5 

1.0 

1.0 

2.0 

1.3 




85.0 

9.1 


very finely divild phos^^^^^^^^ (particularly flotation) now recover 

for direc/use " ^le 

~ also ::irSp~r^ 

phospLruIXnfaTS^trt economic operation of a 

fore it is charged fothe f™ be- 

sti: 

(1) Pelletizing by tumbling or extrusion. 

(2) Agglomeration by nodulizing at high temperatures 
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(3) Sintering a mixture of phosphate fines and coke. 

(4) Briquetting with the addition of a suitable binder. 

Detailed descriptions of these various methods, based on both pilot plant 
experiments and operations on a commercial scale, have been published 
in a comprehensive report by the staff of the but a brief discussion 

of their relative merits and applicability follows: 

Pelletizing. Pelletizing may be brought about by pugging the finely di- 
vided phosphate rock with water followed by either extrusion (under pres- 
sure) through small openings or tumbling the dampened material in a ro- 
tary cylinder to form rounded pellets. In either case the pellets are dried 
and preferably calcined to harden them so they will withstand the severe 
conditions imposed upon them in the furnace with a minimum amount of 
disintergration. Successful pelletizing of finely divided phosphate can only 
be efficiently accomplished in the presence of a binder and hence this method 
is particularly applicable to phosphate muck or matrix containing clay- 
like or plastic material. Baking or calcining the pellets is effected either 
in a shaft or rotary/ kiln at a temperature of approximately llOO^C. 

The advantage of a pelletized charge is its uniform size which makes 
for smooth furnace operation; the main disadvantage is the extra step or 
preliminary pugging of the material which is neccessary to yield a product 
of uniform strength. 

Nodulizing. Nodulizing consists in feeding finely divided phosphate di- 
rectly to brick-lined rotary kilns and heating the material to incipient 
fusion (1250 to 1400°C) by the combustion of oil, gas or powdered coal 
introduced countercurrent to the phosphate rock. This results in the forma- 
tion of nodules of various sizes which are subsequently discharged into an 
unlined rotary cooler, crushed and screened. The screenings or undersize 
(—J inch) are returned to the kilns for retreatment. 

One advantage of the nodulizing process is that no clay or other binder 
need be added to the phosphate fines and hence no preliminary pugging 
is necessary. This process therefore is applicable to a wider variety of raw 
materials than the pelletizing method. The disadvantage of nodulizing 
lies in the high temperatures required and the mechanical difficulties in- 
volved due to ringing in the kilns and the formation of oversize nodules 
that must be crushed and the fines returned for reprocessing. 

A water-cooled boring bar is periodically inserted into the kiln to dis- 
lodge the partially fused material which builds up on the walls. 

Sintering. As its names implies the sintering process consists in the in- 
cipient fusion of a porous bed of damp finely divided phosphate mixed with 
10 to 12 per cent of coal or coke spread uniformly on an endless belt made 
up of cast iron herring-bone grate bars. The coal or coke in the mixture is 
ignited by an oil flame and continues to burn as the laden cast iron pallets 
pass over a series of wind boxes which draw the air down through the bed 
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of phosphate by means of an exhaust fan. Combustion of the coal or cotp 
m the mass is effected in 10 to 20 minutes, depending upon the amount 5 
fuel mixed with the phosphate and the rate at which the air is draw 
through the material, but is completed before the sinter is discharged As 
the pallets round the discharge end of the machine the sinter falls^into a 
cmsher where it^is reduced in size to at least IJ inch. The crushed sinter is 
then fed upon a j-inch vibrating screen, the coarse material being conveyed 

to storage as furnace feed, while the -J-inch material is recycled to the 
sintering operation. 

Sintering h^ the ^vantage of being applicable to a wider varietv of 
natural phosphates than pelletizing, but in contrast to the nodulizine 
process, requires some mixing and preliminary treatment before it is snread 
tT” When relatively clean granular phosphate sand is used 

it %vhh n preferably pelletized aftpr mixing 

It with a little clay-like binder to prevent if from running through the 

grate bars. If phosphate matrix or muck, containing a. considerable nro 
portion of pkstic material is used, precautions must be taken that^the 
m^erial IS not packed on the pallets and its porosity so reduSd that n 
sufficient air IS drawn through the bed to burn the coke or coal Properlv 

J ““■» a- 

Briquetting. The briquetting of the phosphate charge was first suggested 
as a means of utilizing run-of-mine phosphates containing apprSe 
quantities of a natural clay-like bindert'-. Later, various ty^es of added 
mders were employed to make the process applicable to high-grade phos 
phate sands containing no natural cementing material. A briqueLd charge 
has been successfully employed in the phosphorus blast furaace'"- ^ 

addition of"? f ^ thorough mixing of the phosphate fines and the 
co,^! f water to form a damp mass. The optimum water 

ontent varies somewhat according to the nature of the raw materials but 
averages about 14 per cent. Coal or coke may be added to the mixture for 
reducing purposes but is not necessary, and in the case of coke is probably 
not desirable because of its abrasive nature. Briquettes for the electric im 
nace process should be dried or calcined, otherwise, the moisture in the 
charp increases the velocity of the evolved gases, lowers furnace efficiency 
and increases electric po-w^er consumption. ^ 

The briquetting process as conducted in the pilot plant of the TVA^^" 

may be bnefly described as follows: > oi me X VA 

The finely divided phosphate material is fed into a pug mill consisting 
a. trough 10 feet long, 32 inches wide and 23 inches deep. Two heavv 
revolving shafts fitted with mixing blades serve to knead the material to 
-h.ch .pp«ely .4 pe, 
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toward the far end of the mixer where it is discharged upon a belt and 
conveyed to the hopper surmounting the briquetting rolls. This machine 
consists of two hardened steel rolls, 12| inches outside diameter, each 
fitted with 4 rows of matching pockets or molds. The rolls are driven at a 
speed of 4 to 5 rpm by a 5-h-p motor and the clearance between the rolls 
is }{q inch or less. The pressure on the material as it is fed into the pockets 
of the revolving rolls ranges from 1,000 to 4,000 psi depending on the 
clearance between the rolls and the rate at which the material is drawn 
into the pockets. The briquettes are discharged from the lower part of the 
machine into a pan conveyor and pass to a kiln to be dried or calcined. 

Briquetting has the following advantages: (1) A furnace charge of uni- 
form size is thus obtained. (2) No subsequent crushing is required and no 
substantial percentage of fines are produced requiring to be recycled. (3) 
Excessive temperatures with their attendent disadvantages are avoided. 

The disadvantages of briquetting are: (1) Necessity of pugging or pre- 
liminary preparation of charge. (2) Necessity of adding a binding material 
if none is present in che raw materials. 

Choice of Agglomerating Process 

In summing up the relative merits of the various methods of preparing 
a phosphate charge for furnace treatment the staff of the TVA^^® concluded 
that “no agglomeration process can be recommended to the exclusion of 
the other processes since certain physical properties of the raw materials 
available may dictate a particular process.” 

It was concluded, however, that satisfactory agglomerates for use in 
the electric furnace can be produced cheaper either in the form of calcined 
pellets or as calcined briquettes than by either nodulizing or sintering. 
The experience of the writer however in the preparation of both briquetted 
and sintered phosphates leads him to believe that the latter process is as 
cheap as, or cheaper than any of the agglomeration processes described 
above. * 

Electric Furnace and Its Operation 

A typical large commercial electric furnace (15,000 kw), having a daily 
(24 hour) output of 28 tons of phosphorus, consists of an oblong water- 
cboled steel shell 32 feet in length, 15 feet wide and 12 feet deep. The bot- 
tom of the furnace is composed of carbon blocks nearly 4 feet thick. The 
carbon lining extends up the walls to a point well above the slag pool. 
From this point a high-grade fire-brick lining (2'8" thick) is used. The 
furnace has a dome-like steel top with a cast refractory lining and is pro- 
vided with suitable openings for the electrodes and for the introduction 
of the phosphate burden. This steel top is flanged and bolted to a similar 
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flange constituting the upper edge of the furnace crucible Three 40 i..,. 
carbon electrodes, in hne and equally spaced, are held in a vertSl pt^Sn 
by clamps and extend into the furnace through water-cooled glani The 
narrow annular gap between these glands and the electrodes is pacLd 
with asbestos to minimize the escape of phosphorus or the entrance oS 
into the furnace. The copper electrode holders or clamps are cooled by 

transformers located 

^As the electrodes are consumed, new lengths are added by means of 
s ort carbon male couplings which screw into the ends. These electrodes 
can be readily raised or lowered as furnace conditions require. 

e phosphate rock, siliceous flux and coke breeze are fed from individual 

hoppers and properly proportioned on a conveyor belt which carries the 
mixtuie to several bins suspended above the furnace. From these bins it 

b distributed uniformity over the 

full width and length of the furnace. ^ ® 

unhLTfln!l°^ connected with a steel 

i ht-nn which the gases and phosphorus vapor are led into 

two hot Cottrell precipitators. The precipitators remove the dust ei tLned 
m the furnace gases. Unless this dust is removed before cordeS Se 
p sphorus, impure sludges are obtained which are difficult to handle. 

Hot Precipitators 

These two precipitators which are connected in series have cp„t imn 
shells lined with refractory brick. Electrical heating units are imbedded 

pnorus (500 to 700 F). The upper and lower headers of these nrecinitatorq 
ZmTertnd 12 electrodes) 10 inches in 

dislodae the d.^t thlt tapping devices are provided to 

dSt falls Stfi, he and this 

Si The periodically sealed off and its contents 

g ■ ihe precipitators operate at 35,000 to 40,000 volts and the 
power consumption averages only about o^e-third KV A. per Too cu 
ft of gas treated per minute. pei luuu cu 

_ The gases enter the lower header of the first of these precinitators arid 

SXS* S"«Td« S" 
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and in some cases as high as 15 per cent of K 2 O. When fully oxidized this 
dust is an excellent fertilizer material. The carbon monoxide gas and phos- 
phorus vapor (substantially free from dust and solid impurities) then enter 
the top of a phosphorus condenser. 

Phosphorus Condenser 

The phosphorus condenser consists of an unlined steel tower 30 feet in 
heigth and 4 feet in diameter fitted with 3 banks of non-clog water sprays 
encircling the condenser and discharging water into the tower at the rate 
of 150 gallons per minute. The gases are thus cooled, scrubbed, and the 
phosphorus condensed to a heavy liquid which settles out and is discharged 
along with the condensing water into a sump. The condensing water which 
is recirculated maintains a fairly constant temperature (135 to 140°F), 
and as acidity develops it is neutralized by the addition of soda ash. The 
pH is maintained at 5.5 to 6.0. 

The phosphorus is periodically removed from the sump by means of a 
Gould submerged pump and sent to storage tanks maintained at a tem- 
perature high enough to keep the element in liquid form. The phosphorus 
thus collected is sufficiently pure to be used in the manufacture of phos- 
phoric acid but may be more highly purified by passing it through sand 
filters or by chemical treatment. It can be pumped through steam-jacketed 
pipelines and loaded directly into tank cars for shipment or can be con- 
verted into phosphoric acid by forcing it through orifices and burning it 
in a combustion chamber as described in a subsequent chapter. 

The wet gases, after passing through the condenser still contain a small 
quantity of suspended phosphorus which is whipped out by passing them 
through Nash vacuum pumps. The water containing this residual phos- 
phorus is also discharged into the phosphorus sump. From the Nash pump 
the gas consisting of fairly pure CO may be burned directly in a kiln to 
furnish part of the fuel required to nodulize the phosphate charge or its 
thermal value utilized for power production. 

The phosphorus recovery amounts to approximately 92 per cent of that 
originally present in the phosphate charge and the power consumption 
averages 13,200 kw hours per ton of phosphorus collected. 

Of the remaining 8 per cent of phosphorus, part is combined with iron 
in the form of ferrophosphorus and the balance is left in slag. Under favor- 
able conditions both the slag and ferrophosphorus are marketed as by- 
products. 

Figure 2 is a view of the upper part of a modern electric furnace for the 
manufacture of elemental phosphorus showing the electrodes, charging 
devices and the off-gas main. Figure 3 shows the tapping of the slag from 
such a furnace and Figure 3a shows liquid phosphorus being loaded into 
a tank car for shipment. 
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The Blast Furnace Process 

phosphorus by treating phosphate 

rock in a blast furnace was proposed by Brison‘ as far back as 1868 tb 
there is no record that this proposal was put into pracScrfof S 
years. Van Ruymbeke™ was issued a patent in 1895 covering the smeltine 
of phosphate rock and an acid flux in a blast furnace, but t^ obTet of 
this invention was to produce phosphoric acid, since air was introduced 
into the upper part of the furnace shaft to oxidize the volatilized product 
rst recorded investigational work on the production of phosphoru’s 
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aS hfs°S^Xi“i'2 In 19^0 conducted by the writer 

commercial scale by the ^!2^r 

Coronet Phosphate Company, New York NY ^ and by the 
nilm'ntnt*^' P^iod 1927-1932 further experiments were conducted on a 

ing tSTffic^L rf afS' Tf “ ™"' f inc™»- 
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eluded that such a process would be economically attractive, particularly 
if an oxygen enriched blast was employed for burning the coke. 




C - OfftoJe* 


7 > - Slag Taphol* 


(Courtesy of TV A) 

Figure 3. Tapping the slag from a modern phosphorus electric furnace. 


Blast Furnace Plant and Its Operation 

Much of the equipment employed for a phosphorus blast furnace is of 
the same general type as that required in the manufacture of pig iron, 
consisting of a boiler plant for generating steams from the surplus gas, a 
blowing engine for delivering air under pressure, a blast furnace of more 
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or less standard design and a series of stoves for heating the air df>liv.v n 
to the furnace for conabustion of the coke fuel. 

The mam ^fference between a pig iron furnace plant and one emnW^ 
for the manufacture of phosphorus lies in the elaborate dust collectiL Ind 
condensing system required in, the latter plant to insure 1 

Wore the geeee pass to the boil., and heal regeneretireSip 
A phosphorus blast fureaee should have a e.paeity „f ,5 



being maintained over the phosphorus at all times, ^ Pin i a layer of water 

to prevent fire and protect the workmen. " ’orate precautions are taken 


« rtuf dowri^^^^^ and a larger plant is 

efficiency. A furnace of the above capacityTasThe 

dimensions: Hearth diameter Ginedf 8'0"- . ® ^PP^ximate 

and stock line diameter The o^ 

is ir aiek, the bosh 131' and L’inwlilslV'S 

coUecting system To remove tS® f 7° 'f ‘^ust 
is en.pl.yed followed by several vote .TL'LC'^eSw,“o“^ 
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complete elimination of dust, however, it is desirable to have two or more 
Cottrell precipitators in parallel operated at a temperature well above the 
dew point of phosphorus. 

Since the heat required for the phosphorus blast furnace is derived from 
the combustion of fuel, the volume of gas to be handled per unit of phos- 
phorus volatilized is 7 to 8 times greater than that from an electric furnace, 
hence the dust collecting and phosphorus condensing systems must be 
proportionally increased in size. Moreover, the dew point of phosphorus 
is such that the temperature of the gases carrying such a small proportion 
of phosphorus must be reduced far below that of the gases from an electric 



Figure 4. Saturation pressure of P4 at various temperatures. (Quantity of phos- 
phorus in gas in g cu ft.) 


furnace to insure substantially complete recovery of this element. This 
means the use of cooler water in the final condensing unit. 

Figure 4 shows the weight of elemental phosphorus (in grams) per cubic 
foot of gas saturated with phosphorus vapor at various temperatures. It 
is obvious that the blast furnace gas must be cooled below lOO'^F to insure 
condensation for the small proportion of this element contained therein. 

In one of the phosphorus plants operated by the writer, the water from 
the final condenser was cooled by 4he Gensecke vacuum cooling system 
before being recirculated. 

The condensed liquid phosphorus is pumped from a sump into storage 
tanks and either shipped in elemental form or oxidized to produce phos- 
phoric acid. 

After passing through the condensers a portion of the furnace gas (con- 
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taming 25 per cent CO) is burned under boilers for the generation of steam 
and a portion passes to the stoves, which lerve the dual purpose of burnine 
the and preheating the air for the blast furnace. This hot blast is de^ 
livered to the furnace at an average temperature of 1,480°F under a nrp« 
sure of from 10 to 20 psi. ^ 

Royster and his co-workers'" pointed out the economic advantage of 
using more highly heated air for the combustion of coke in a blast furnace 
and designed a stove for this purpose partly filled with silica pebbles as a 
heat a,bsorptive medium. The furnace gas along with the proper quota of 
air IS introduced (under pressure) into the top of such a stove and burns 
downward. The hot products of combustion in passing through the pebble 

Table 4. Estimated Matekial Requirements in Phosphate Smelting per 
Ton of PaO; Reduced (Two Types of Florida Rock) 


Blast Temp.i (*F) 


Washed Florida land*pebble phosphate 
(31.63% P 2 OO 



Coke® 

Phosphate 

Gravel^ 

Coke® 

Phosphate 

500 

1,000 

1.500 

2,000 

2.500 

1 1 

Tons, 

11.45 
4.91 
3.22 

2.45 
2.00 

Tons 

3.68 

3.68 

3.68 

3.68 

3.68 

Tons 

0.36 

.80 

.91 

,96 

.99 

Tons 

11.70 

4.95 

3.24 

2.46 

2.02 

Tons 

4.85 

4.85 

4.85 
. 4.85 

4.85 


Florida hard-rock waste-pond 
phosphate (22.91% PzOs) 


puuna or air. 

^ Pixed carbon, 87 per cent. 

^ Si02, 95 per cent. 

bed heats it to a much higher temperature than that attained in the con- 
ventional two-pass checker brick stove. 

Estimates of the coke requirements per ton of reduced to elemental 
phosphorus at various blast temperatures are given in Table 4. The same 
data are shown diagramatically in Figure 5. 

According to these estimates the quantity of coke required (per ton of 
P 2 O 6 reduced) when employing an air blast at 2500°P, should be onlv 2 

^ the blast temperature is about 

The pebble stove, however, can only be successfully used where the 
Is wdrafp O free from dust and phosphorus vapor. Such dust 

high tempera- 

tures. So far this type of stove has not been widely employed in industry. 
Normally the average recovery of phosphorus in the blast furnace proc- 
t 88 per cent of that contained in the furnace charge 

or about 4 per cent less than that recovered in the electric furnace process! 



0 1,000 2,000 zpoo 

BLAST TEMPERATURE CF.) 

Figuee 5. Effect of the air-blast temperature on the estimated amount of coke 
required per ton of P 2 O 5 reduced in blast furnace smelting washed Florida land- 
pebble phosphate with a siliceous flux. Humidity, 0.01. (Heat losses taken into con- 
sideration.) 

Electric Furnace versus Blast Furnace Process for the 
Manufacture of Phosphorus 

The choice between the electric furnace and blast furnace processes for 
the manufacture of elemental phosphorus depends on a number of factors, 
such as the size, cost and location of the plant and the availability and 
relative costs of coke and electric power as sources of thermal energy. 

It is practicable to build a phosphorus blast furnace having fully twice 
the capacity of a single large electric furnace. On the other hand, such a 
blast furnace plant with its auxiliary equipment will cost about twice as 
much as two electric furnace plants having the same total capacity. 
Whereas, a large blast furnace will require less labor per ton of product 
than two electric furnaces, the yield of phosphorus from the' former prob- 


■ 
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ably averages only 88 per cent, as against 92 per cent for an electric fur- 
nace plant. 

A large blast furnace operates most economically at full capacity and 
its output cannot be curtailed without loss of eiSiciency. On the other hand 
when market conditions are adverse, the production of an electric furnace 
plant consisting of two furnaces of equal size can be cut in half by closing 
down one unit without impairing the efficiency of the other. 

Although coke as a source of thermal energy is available in many locali- 



Figube 6. Comparative cost of million Btu’s furnished by electric power and 
various types of solid, liquid and gaseous fuel. 


ties at a much lower cost than electric power, hydroelectric developments 
in Alabama, Tennessee and in certain parts of the western phosphate 
fields have rendered electric power competitive with fuel in the manu- 
facture of elemental phosphorus. 

Unquestionably, the relative price of coke and electric energy is a major 
factor to be considered in making a choice between the blast furnace and 
electric furnace processes. Figure 6 gives diagramatically the cost of equiva- 
lent quantities of heat delivered by the c'ombustion of various fuels com- 
pared with the cost of that derived from electric power. 

It would appear off-hand that electric power as a source of thermal en- 
ergy cannot compete with most of the fuels available in this country, but 
equivalent costs of the thermal unit furnished by electric power and fuel 
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by no means render these two processes economically equivalent. The heat 
derived from electric power is much more efficiently utilized since it is 

Table 5. Estimated Cost of Pboducing Elemental Phosphor trs by 
Electric-Furnace Method 

(Two electric furnaces; 330-day operation; annual production, 15,000 tons P equal to 

33,000 tons PaOs) 

Capital investment 
Real estate $ 10,000 

Buildings 810,000 
Equipment 2,551,000 


Total $3,371,0()0 



Unit Cost 

Per Ton of Recovered 
Phosphorus^ 

Cost per 

% Of 

Total Cost 


Quantity 

Cost 



Raw materials 






Phosphate sinter (11.0% P), short ton 

$5.45 

9.88 

$ 63.85 

$23.51 

35.22 

Coke breeze, short ton 

6.50b 

1.40 

9.10 

3.97 

5.95 

Electrodes, Pounds 

0.09 

37.60 

3.38 

1.48 

2.21 

Electric energy, kw.-hr. 

0.0025 

13,200 

33.00 

14.41 

22.23 

Total for raw materials 



$ 99.33 

$43.37 

65.61 

Conversion 






Labor, operating and supervision — 



$ 10.39 

$ 4.54 

6.80 

Labor, maintenance 



8.69 

3.79 

5.68 

Labor, laboratory and office 



1.23 

0.54 

0.81 

Power, other than furnace 



j 0.34 

0.15 

0.22 

Water and steam. 



1.74 

0.76 

1.13 

General plant expense 



1.19 

0.62 

0.80 

Maintenance, materials 



5.43 

2.37 

3.55 

Depreciation (over-all), 7.5% 



16.81 

7.34 

11.00 

Insurance and taxes 3% 



6.74 

.2.94 

4.40 

Total for conversion 



$ 52.56 

$22.95 

34.39 

Grand total 



$151.89 

$66.32 

100.00 


® Based on recovery of 92%. 

^ Coke breeze should be about 50 cents per ton less than lump coke. 


localized within the furnace charge, is not dissipated in heating up large 
volumes of evolyed gases, and there is far less loss from radiation than in 
the blast furnace process. On the other hand, the coke required for re- 
duction and the electrode consumption in the electric furnace process must 
be added to the cost of the power requirements. 

Tables 5 and 6 give the cost of producing elemental phosphorus by the 
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electric furnace and blast furnace processes at plants located in the western 
phosphate fields as estimated by Waggaman and BelF^'^. These costs 
under the conditions assumed are more favorable to the electric furnace 

Table 6. Estimated Cost op Pkoducing Elemental Phosphokus by 
Blast-Fubnace Method 

(Single furnace with annual production, 330-day operation, of 15,000 tons P equal 

to 33,000 tons P2O5) 

Capital investment 
Real estate $ 10,000 

Buildings 250,000 
Equipment 5,340,000 


Total $5,600,000 



Unit Cost 

Per Ton of Recovered 
Phosphorus®^ 

Cost per 
Ton of 

PiiOfi 

Total Cost 

Quantity 

Cost 

Raw materials 






Phosphate sinter (11% P), short ton. . 

$5.45 

11.37 

$ 61.97 

$27.06 

37.74 

Coke (85% C), short ton 

7.50 

5.44 

40.80 

17.81 

24.84 

Total raw materials 


16.31 

$102.77 

$44.87 

62.58 

Conversion 






Labor, operating and supervision^. ... 



$ 6.92 

$ 3.02 

4.21 

Labor, maintenance^ . 



5.78 

2.52 

3.52 

Labor, laboratory and office. . . . 



I 1.23 

0.54 

0:75 

Water and steam. 



1,74 

0.76 

1.06 

General plant expense 



1.19 

0.52 

0.73 

Maintenance, materials 



5.43 

2.37 

3.30 

Depreciation (over-all), 7.5%. . . 



27.95 

12.21 

17.03 

Insurance and taxes 3%. .. . . . 



11.20 

4.89 

6.82 

Total for conversion . 



$ 61.44 

$26.83 

37.42 

Grand total... 



$164.21 

$71.70 

100.00 


» Based on recovery of 88% phosphorus. 

Labor, two-thirds that required for two electric furnaces. 


process, but the location of the plant, fluctuations in the price of fuel and 
electric energy and slight variations in labor conditions and the cost of 
materials can change the economic picture. 

White Phosphorus 

Apart from its limited use in alloys such as phosphorus-copper, phos- 
phorus-tin and phosphorus-bronzes, and its use in poisonous preparations 
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to control rodents and insect pests, white phosphorus has few industrial 
applications. In time of war, however, the demand for this element as an 
incendiary and for laying down smoke screens is very great and these 
direct military uses may call for many thousands of tons. 

The chief phosphorus compounds, (other than phosphoric acid and its 
derivitives), which have important industrial uses are the sulfides and 
chlorides. 

Phosphorus sesquisulfide (P4S3) is used extensively in the match in- 
dustry, and phosphorus pentasulfide (P4S10) plays an important role in 
the manufacture of organic phosphorus-sulfur compounds that are added 
to lubricating oils to improve their resistance to oxidation and enable them 
to withstand high bearing pressures. Phosphorus pentachloride (PCh) is 
an effective reagent for converting alcohols and organic acids into their 
corresponding chlorides; phosphorus trichloride (PCI3) and its derivative 
phosphorus oxychloride (POCI3) are used in the manufacture of alkyl and 
aryl phosphates (see Chapter 25), and as reagents in the production of 
certain dye stuffs and drugs. The uses of phosphorus and its derivatives are 
shown diagramatically in Figure 7. 

Red Phosphorus 

On heating liquid yellow phosphorus to a temperature slightly below its 
boiling point for a protracted period it is converted into an allotropic 
form of the element known as red phosphorus. 

Pure red phosphorus, as its name implies, is a dark red solid that does 
not melt, and can be exposed to moderately high temperatures and oxi- 
dizing conditions without danger of spontaneous combustion. It can be 
readily handled and shipped. 

Red phosphorus has a number of military and industrial applications 
but probably the largest proportion of that produced is used in the striking 
surface of safety match packages which consists of a mixture of red phos- 
phorus, glue and powdered glass. When a match is drawn over such a coat- 
ing, a minute but sufficient quantity of the red phosphorus is converted 
into the yellow variety to inflame the combustible match head. These 
matches are difficult to ignite by friction on any other type of surface 
and hence have greatly reduced fire hazards. 

Until recently, the manufacture of red phosphorus has been a rather 
tedious and costly batch process consisting in heating the yellow phos- 
phorus in a closed container at a temperature at 240®C or above for a 
period of 4 to 5 days. The product which consists largely of a cake of solid 
red phosphorus is then chipped out, ground under water and boiled in a 
solution of caustic soda to dissolve the unconverted yellow phosphorus. 

Little or no improvement in this batch process was made for a period 
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of 50 years although a continuous process for the manufacture of red 
phosphorus was proposed and patented in Germany as far back as 19323^. 
There appears to be no record that such a scheme was actually developed 


Incendiaries 



Figuhe 7. Phosphorus: some of its derivatives and uses. 


until the Tennessee Valley Authority built and operated a pilot plant 
based on the results of certain investigations conducted by Dewitte and 
Skolnik® and Skolnik et al.^^ These experiments resulted in a process® for 
the continuous production of red phosphorus that saves both time and 
labor. Miller, Wilson and Tusson^® have described this process and the 
equipment used in considerable detail but it may be briefly reviewed as 
follows: 
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The essential units consist of a feeder for introducing the yellow phos- 
phorus into a steel reactor, 2 evaporators (in series) to volatilize uncon- 
verted, yellow phosphorus, a condenser for returning this yellow phosphorus 
to the system, means for introducing CO or other non-oxidizing gas into' 
the system, a tank for wetting the red phosphorus discharged from the 
vaporizer and settling pan in which the final product (red phosphorus) is 
drained. 

The yellow phosphorus is fed at a constant rate into the stainless steel 
reaction chamber which has a cone bottom and a gas-tight cover. The 
lower part of this reaction chamber is electrically heated and insulated to 
maintain a more or less constant temperature of 280°C. A vertical steel 
stirrer equipped with propeller blades extends through the top and well 
down into the cone of the reactor. An overflow pipe is provided just at the 
top level of the heating unit and the upper part of the reactor is water- 
cooled. The flow of yellow phosphorus is regulated so that it will be re- 
tained in the reactor for 4J to 5 hours. From the reactor, the slurry of 
yellow and red phosphorus overflows through a pipe into the first of 2 
vaporizers connected in series. 

These vaporizers consist of inclined stainless steel, covered troughs con- 
taining a screw conveyor for moving the slurry forward and are heated 
above the vaporization point of yellow phosphorus. As the material moves 
toward the exit of the first vaporizer much of the yellow phosphorus is 
distilled off and carried into a condenser along with the carbon monoxide 
gas which is introduced into the system countercurrent to the flow of the 
phosphorus slurry. The second vaporizer is heated to a somewhat higher 
temperature and serves to eliminate the residual yellow phosphorus still 
present in the red phosphorus. Breaker-plates in the second vaporizer 
disintegrate any lumps of red phosphorus and facilitate its purification. 

From the second vaporizer the finely divided red phosphorus is dis- 
charged into a tank where it is stirred with water, washed free of soluble 
impurities and the suspension passed to a settling tank where it is allowed 
to drain. Finally the damp product is dried at 150T for 12 to 24 hours. 
An alternate method not fully developed provides for handling the red 
phosphorus from the vaporizers without the use of water, 

In addition to traces of unconverted yellow phosphorus, the presence of 
certain metallic impurities in red phosphorus cause it to oxidize even at 
ordinary temperatures. This tendency to oxidize not only involves the 
risk of spontaneous combustion, but gives rise to the formation of certain 
corrosive and poisonous products. 

Silverstein et studied the effects of a number of inorganic and organic 

substances on the oxidation rate of red phosphorus. These investigators 
found that while such metals as bismuth, copper, silver, iron, nickel, 
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cadmium, lead, chromium and tin accelerated the oxidation of red phos- 
phorus, alumimum and zinc acted as retarders. Moreover, the addition of 
small quantit ies’ of the oxides of these latter tAvo metals stabilized the red 
phosphorus still further. 

Iron and copper are the tAvo metallic impurities most likely to be present 
in commercial red phosphorus. By treating the product with sulfuric acid 
most of the iron can be leached out, but the copper is best removed by 
dissolving it AAuth cyanide solution. 

According to the above investigators red phosphorus substantially free 
from copper and iron, when lightly coated AAuth aluminum hydroxide can 
be kept almost indefinitely Avithout deterioration. 

The great reduction in fire hazards resulting from the shipment of phos- 
phorus in a form not spontaneously combustible opens up interesting 
possibilities. If a freight rate for such material were established commen- 
surate with that for sulfur, the distance that phosphorus could be eco- 
nomically shipped should be greatly extended. The saving in transporta- 
tion charges thus effected would warrant substantial investments in 
facilities for converting white phosphorus into the red variety at points 
of production. 
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n. Manufacture of Phosphoric Acid 
from Elemental Phosphorus 

Wm. H. Waggaman 

Senior Mineral Technologist, Bureau of Mines, U, S. Dept of Interior 

Introduction 

Whereas most of the orthophosphoric acid for industrial purposes was, 
and probably still is produced by the sulfuric acid or so-called wet process, 
the manufacture of this acid from elemental phosphorus is by no means 
new. For many years appreciable quantities of pure concentrated phos- 
phoric acid for technical and medicinal use have been derived directly 
from the oxidation of phosphorus and the hydration of the resultant P 2 O 6 . 

As mentioned in the previous chapter, however, this process began to 
assume great commercial significance after the pioneer work conducted by 
the Bureau of Soils, U. S. Department of Agriculture, between 1918 and 
1922 . 2 ’ 12. 17 . 18^ 

Based on the results obtained in these pilot plant experiments, electric 
furnaces of commercial size were built and operated successfully by the 
Federal Phosphorus Company at Anniston, Alabama^®, and later, phos- 
phorus blast furnaces were erected and operated by the Victor Chemical 
Works at Nashville, Tennessee^, and by the Coronet Phosphate Company 
at Pembroke, Florida^®. 

In 1934 the Tennessee Valley Authority began a systematic study of 
various types of equipment and operating procedures for producing and 
recovering phosphoric acid. This government agency, the Monsanto Chem- 
ical Co., and the Victor Chemical Works are largely responsible for de- 
veloping and improving the general process that now is so successfully 
employed^- 

Whether the electric furnace or blast furnace is employed in the manu- 
facture of phosphoric acid, the fundamental reactions involved are the 
same and comprise first the reduction of phosphate rock to white phos- 
phorus as already described, followed by oxidation of this element and 
hydration of the resultant PaOs as shown in the following two equations: 

P4 4 “ 5O2 2P2O6 

P2O/ + 3H2O SHsPOi 


ftCQ 


( 1 ) 

( 2 ) 
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The manner in which the phosphorus is oxidijzed, however, represents the 
difference between the so-called one-step and two-step modifications of this 
general method. 

The One-Step Process 

The one-step process, as its name implies, consists in producing phos- 
phoric acid in a single continuous operation, thus obviating the necessity 
of using phosphorus condensers. 

The volatile products from the electric or blast furnace after being freed 
from dust, (as described in the previous chapter), pass directly to a suitable 
combustion chamber. Here the phosphorus vapor and carbon monoxide 
gas are either burned simultaneously, or the phosphorus is selectively oxi- 
dized (as described later) leaving the bulk of the carbon monoxide un- 
burned for subsequent use. 

In any event, the fully or partially oxidized products are cooled, hy- 
drated and then passed through suitable absorption towers or a Cottrell 
electrical precipitator for the recovery of the phosphoric acid. The Cottrell 
precipitator is generally favored for collecting the final product. 

Handling Electric Furnace Gas 

The following is a description of the phosphoric acid plant 2 of the 
Tennessee Valley Authority and the method of operating it when employ- 
ing the one-step process. Numerous changes were made in this plant since 
it was first constructed in 1934, but the size of the combustion chamber 
and basic principles of operation were not materially altered until it was 
closed down in May 1944^^. 

Combustion Chamber. The combustion chamber of this plant burned 
1,100 pounds of phosphorus and 3,080 pounds (39,500 cu ft at STP) of 
carbon monoxide per hour, employing a volume of air 50 per cent in excess 
of that theoretically required to fully oxidize these furnace products. The 
inside of this chamber was 35'4" long, 12'0" high (from the lowest part of 
the hearth to the roof) and 8'9" wide. 

The* hearth was lined with carbon blocks and the walls with 15| inches 
of firebrick. In order to cool the gases of combustion, 90 cast iron tubes, 
through which water circulated, lined the side walls of the combustion 
chamber. Additional pipes were suspended from the roof of the chamber 
so that the gas in leaving the chamber passed through a bank of water- 
cooled tubes. 

The furnace gases (at temperatures ranging from 950 to 1300°F) entered 
one end of the combustion chamber through a brick-lined main (2'0^ 
inside diameter), and were mixed with air introduced through 8 ports sur- 
rounding the gas inlet. The gaseous products of combustion, after contact 
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with the tubes through which the cooling water was circulated, passed out 
of the combustion chamber at 1250 to 1500®F. These cooling tubes carried 
away from 35 to 45 per cent of the heat liberated by the oxidation of the 
phosphorus and furnace gas. 

The gases and oxidized phosphorus left the top of the combustion 
chamber through a brick-lined main (2'6" inside diameter) where they 
were sprayed with water at the rate of 5 gallons per minute and the tem- 
perature reduced to 600°F before they entered the hydrator. 

Hydrator. This unit consisted of an unpacked cylindrical chamber 34 
feet high and 10 feet in diameter (inside) lined with ISf inches of acid-proof 
brick. The dished bottom was of acid-proof brick set in a lead pan. A 
carbon tube in the center of the bottom served to drain the acid produced 
into a gas-sealed receptacle from which it overflowed into a storage tank. 
The gases entered the top of this hydrator and were sprayed with additional 
water at the rate of 10 gallons per minute which reduced the temperature 
to about 250°F. They left the hydrator through a stainless steel flue (3'6" 
in diameter) near the base of the chamber and entered the electrical pre- 
cipitator at a temperature of 225°F. Approximately 1,800 pounds of phos- 
phoric acid per hour, or about 40 per cent of that produced, was collected 
in the hydrator at a concentration of 80 per cent H3PO4. 

Cottrell Precipitator. The Cottrell electrical precipitator consisted of 
three sections connected to the gas flue from the hydrator by means of a 
manifold. Each section contained 36 vertical carbon tubes (collecting elec- 
trodes) 10 inches in diameter and 12 feet in length enclosed in a brick 
chamber. The discharge electrodes consisted of single stainless steel wires 
hung from an insulated frame down the center of each tube. The lower end 
of each wire was fastened to a stainless steel grid to prevent individual 
swaying of these electrodes. The precipitator was operated at 40,000 volts 
and the current consumption was approximately i kva per 1,000 cubic 
feet of gas treated. 

The gases from the hydrator passed through the manifold and entered 
each section of the precipitator through a 2'6" flue midway in the side of 
the brick housing and were drawn downward in this header and then up 
through the carbon tubes wherein the balance of the P2OB was precipitated 
in the form of concentrated H3PO4 at the rate of 2,600 pounds per hour. 
The residual gases were then drawn from the upper headers of the pre- 
cipitators by means of exhaust fans and discharged into the atmosphere 
through a brick stack. The acid drained from the precipitator through an 
acid-proof trough to a tank from which it was pumped to storage. 

A flow diagfem of this plant operating on the one-step principle is shown 
in Figure 1, and the construction of the combustion chamber for burning 
the gas and phosphorus direct from the electric furnace is shown in Figure 2. 
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Figuke 1. Flow diagram of Acid Plant No. 2 for burning electric-furnace gas. 



(Courtesv of TVA) 

Figtjbe 2. Final combustion chamber of Acid Plant No. 2 for burning electric- 
furnace gas. 
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Advantages and Disadvantages of One-Step Method 

Theoretically, the one-step process is the simplest, and should be the 
most economical method of producing phosphoric acid since it eliminates 
a somewhat elaborate and costly condensing system, obviates the necessity 
of providing phosphorus storage facilities, and renders unnecessary the 
steam jacketed pipe lines and extra pumps for rehandling liquid phos- 
phorus and recirculating condensing water. 

Up to the present time, however, the one-step process has shown certain 
disadvantages that more than offset the advantages mentioned above. 
These disadvantages may be listed as follows: 

(1) The one-step process entails the use of larger equipment for the 
combustion of the phosphorus and the collection of the resultant phos- 
phoric acid because of the greater volume of the gases relatively dilute 
with respect to P 2 O 6 . 

(2) The thermal value of the gases (other than phosphorus vapor) 
cannot be efficiently utilized because of the scorifying and corrosive nature 
of the P 2 O 6 contained in the products of combustion. This is particularly 
serious if the blast furnace is used since it is essential to preheat the air 
blast to a high temperature for economical operation. 

(3) The immense number of thermal units released by the complete 
oxidation of both phosphorus and carbon monoxide necessitates the use of 
elaborate cooling devices in the combustion chamber to prevent the rapid 
deterioration of this unit and to insure that the gases pass to the phos- 
phoric acid collecting system at a temperature and velocity permitting the 
complete recovery of the P 2 O 6 , 

(4) The direct combustion of phosphorus vapor containing volatile 
contaminants derived from the phosphate rock produces crude phosphoric 
acid that must be purified before it is suitable for use in the manufacture 
of food and chemical grade products. 

(5) The immense volumes of air (carrying an appreciable percentage of 
moisture) cause the formation of substantial amounts of metaphosphoric 
acid in the combustion chamber or heat regenerative equipment (hot blast 
stoves) . Metaphosphoric acid at high temperatures is a thick viscous slag- 
like liquid that attacks siliceous refractories and hence yields impure 
orthophosphoric acid when it is subsequently hydrated. 

Handling Gas from the Phosphorus-Blast Furnace 

Since the heat required for smelting phosphate rock in the blast furnace 
is derived from the combustion of coke in direct contact with the phosphate 
charge, the volume of gases evolved per unit of phosphorus volatilized is 
many times greater than that from an electric furnace having the same 
rated capacity. 
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Kepeated tests have shown that the gas from the electric furnace con- 
tains from 7 to 7.4 per cent phosphorus,, whereas the gas from the blast 
furnace averages only 1.0 per cent of this element. In other words, a phos- 
phorus blast furnace emits from 7 to 7.4 times more gas for each pound of 
phosphorus volatilized. 

Moreover, while the concentration of carbon monoxide in blast furnace 
gas is only about 40 per cent as great as in electric furnace gas, due to the 
nitrogen contained therein, the actual quantity of CO evolved from the 
blast furnace per unit of phosphorus is twice as great. 

It is obvious, therefore, that in order to burn this greater volume of 
gas and handle the oxidation products, a much larger combustion chamber 
is required, additional cooling facilities must be provided and larger col- 
lecting units installed to insure the complete recovery of the P 2 OS in the 
form of concentrated phosphoric acid. 

Finally, the economic efficiency of the phosphorus blast furnace depends 
upon the utilization of the thermal value in the gas to heat the air required 
for the combustion of the coke and to generate power for the operation of 
the plant. The burning of gas containing phosphorus in hot blast stoves 
and under boilers is not practical because of the scorifying and corrosive 
action of the P2O6 and H3PO4 produced in highly heated siliceous refrac- 
tories and exposed metal parts. 

Therefore, until the preferential oxidation of the phosphorus in furnace 
gas is successfully and fully developed, the one-step process for the manu- 
facture of phosphoric acid through the medium of the blast furnace is not 
very attractive. 

Preferential Oxidation of Phosphorus 

The one-step process, however, is by no means obsolete, particularly 
since the TVA has shown that the phosphorus vapor in the gases from 
either the electric or blast furnace can be preferentially oxidized to P 2 OB, 
leaving the bulk of the carbon monoxide available for fuel purposes®* 

In order to determine the applicability of preferential phosphorus oxi- 
dation to the electric furnace process, experiments were conducted in which 
phosphorus was vaporized and mixed with electric furnace gas in the pro- 
portion and at the temperature (600 °F) that these are normally evolved 
from the electric furnace. This gaseous mixture was then passed to a prefer- 
ential oxidation chamber where air was supplied at a rate somewhat in 
excess of that theoretically required to fully oxidize the phosphorus. The 
temperature of the oxidation chamber was controlled by the introduction 
of water in the form of spray and the phosphoric acid produced was col- 
lected in a packed tower followed by a cooler. By keeping the temperature 
of the oxidation chamber between 850 and 1000°F with an air input be- 
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tween 120 and 130 per cent of that theoretically required for the combustion 
of the phosphorus, it was found that the latter was fully oxidized to PgOs; 
but only from 5.6 to 7 per cent of the carbon monoxide was oxidized. 

Similar experiments were conducted by Hignett® with gas of the com- 
position normally evolved from the phosphorus blast furnace and equally 
good results obtained. 

Figures 3 and 4, taken from the report of TVA, show the percentage of 
oxidation of phosphorus and carbon monoxide in electric furnace and blast 
furnace gas respectively where an appreciable excess of air (both dry and 
humid) over that theoretically required for the combustion of phosphorus 
is employed. 

Whereas the preferential oxidation of phosphorus in either electric or 
blast furnace gas has not been developed beyond the pilot plant stage, 
the results indicate that it can be employed on a commercial scale. If so, 
many of the objectionable features previously encountered in the operation 
of the one-step process for the production of phosphoric acid of a grade 
suitable for fertilizer use should be eliminated. The acid manufactured in 
this way however will require purification if it is to be employed in the 
manufacture of high grade phosphate chemicals and food products. 

The Two-Step Process 

The two-step process for the manufacture of phosphoric acid derives 
its name from the fact that it involves two distinct operations. It is appli- 
cable to either electric furnace or blast furnace gas, but so far has been 
chiefly used for treating the former. 

In general the process consists in separating the dust from the volatile 
products of the furnace, condensing the phosphorus as a mobile liquid 
and utilizing the non-corrosive combustible gas (largely carbon monoxide) 
for fuel purposes. The recovered phosphorus is stored, subsequently burned 
in a separate combustion chamber and the resultant P2O5 hydrated and 
collected in the manner described Chapter 10. Since the phosphoric acid 
plant is not directly connected with the phosphorus furnace, it is operated 
as a separate unit and hence can be shut down without interfering with 
furnace operations. 

Although the one-step process was used on a large commercial scale for 
more than a decade before the two-step process was extensively developed, 
the latter is now more widely used. This change-over has been due to a 
number of reasons that are enumerated on pages 168 and 171. 

The following description of the equipment and operation of a phosphoric 
acid plant designed to burn 2,000 pounds of liquid phosphorus per hour 
is based on a staff report of the Tennessee Valley Authority compiled by 
Striplin“. The various units of this plant and the operating details are' 




Figure 3. Oxidation of phosphorus and carbon monoxide in small-scale proferen-^ 
tial oxidation tests with simulated electric-furnace gas. 
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Figure 4. Oxidation of phosphorus and carbon monoxide in small-scale preferen- 
tial oxidation tests with simulated blast-furnace gas. 
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substantially the same whether the phosphorus is reduced from phosphate 
rock smelted either in an electric or blast furnace. 

Phosphoras Feeding and Metering Equipment 

The phosphorus metering system for this plant is automatically con- 
trolled and buoyancy-type level indicators are used. Two tanks (each hav- 
ing a capacity of 150,000 pounds of elemental phosphorus) are used alter- 
nately as phosphorus reservoirs from which the phosphorus is discharged 
into the combustion chamber by displacement with water. 

Hot water for this purpose is supplied from a third tank by means of 
a centrifugal pump. This pump, which is equipped with a by-pass contain- 
ing a relief valve (in the event the system becomes clogged), delivers water 
under a pressure of 25 psi. All the tanks are provided with submerged 
steam coils to keep the water and phosphorus at a temperature above the 
melting point of the latter (60 °C). 

When it is desired to refill a tank with phosphorus, the water employed 
in displacing this element is returned to the hot water tank and used 
over again, precautions being taken to settle out suspended phosphorus. 
Any acidity that develops in this water is neutralized with soda ash. A 
separate hot water tank and pump are provided for the water jacket 
surrounding the phosphorus pipeline leading to the combustion chamber. 

Combustion Chamber. The phosphorus is sprayed into the top of the 
combustion chamber by means of compressed air (under a pressure of 
25 psi) through a special type of burner. The tip of this burner is water- 
cooled to protect it from the high temperatures developed in the combus- 
tion chamber. Secondary air for full oxidation of the phosphorus is supplied 
from a windbox (surrounding the burner) at the rate of 5,000 cubic feet 
per minute. A photograph of the burner and its arrangement is shown in 
Figure 5. 

The phosphorus combustion chamber itself is a relatively new develop- 
nient designed to reduce depreciation and cost of replacements and produce 
a purer acid than heretofore obtained. Graphite is the main structural 
material used and no steel shell or outer casing subject to corrosion is used. 

This combustion chamber is 35 feet in height, with an inside diameter 
of 14 J feet. The bottom and walls are constructed of specially cut graphite 
blocks set in asphalt cement. This structure is supported about 11 feet 
above ground level in order to permit any metaphosphoric acid formed in 
the bottom of the chamber to drain into the upper part of the gas cooler 
immediately following this unit. The graphite blocks forming the bottom 
of the combustion chamber are laid in a pan of stainless steel (5 inches 
deep) to prevent loss of metaphosphoric acid through seepage. The dome- 
like steel top of the combustion chamber is lined with 9 inches of acid- 
resisting grog and cement. 
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Facilities are provided to supply cooling water at the rate of 1,500 
gallons per minute to the exterior surface of the graphite walls by means 
of a spray ring around the dome of the combustion chamber. This water 
runs down the walls as a film but is deflected near the base of the tower 
to prevent it from entering any cracks that may open up in the bottom of 
the chamber during operations. The walls of the combustion chamber are 
thus maintained at temperatures ranging from 80 and 125°C. 

In order to lower the temperature of the P 2 O 5 and reduce the volume 
of gas, a special type of cooler is installed between the combustion chamber 


{Courtesy of TV A) 

Figure 5. Phosphorus burner and top of graphite combustion chamber of acid 
plant No. 2M. 


and the hydrator. This cooling chamber is also constructed of carbon slabs 
and contains 150 horizontal graphite tubes having an inside diameter of 
3 inches through which cold water is introduced; the rate at which the 
water is circulated is automatically adjusted by the temperature at which 
it passes out of the cooling system. Additional water is sprayed on the out- 
side of the cooling chamber to keep the temperature of the graphite walls 
sufficiently low to prevent oxidation. 

The gas from the combustion chamber enters the cooler (at a tempera- 
ture of 1450 °F) through a water-cooled duct (3'4" diameter) and leaves 
at a temperature of 350°F through a graphite lined steel flue (2'9" inside 
dianjeter). It then enters the side of the hydrator near its base. 

The Hydrator. This unit consists of an acid-proof brick chamber lined 
with 4f inches of carbon brick and has a dome-Hke acid-proof top. No 

t 1 1 n • • 1 mi _ _i 1 • _ 1 • 1 1 ‘ii 
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an inside diameter of 7 feet, 11 inches. Three rows of spray nozzles (6 
nozzles to each row) discharge water into the hydrator at the rate of 18 
gallons per minute. These sprays not only provide enough water to fully 
hydrate the PzOs to H3PO4, but also serve to reduce the temperature of 
the gas to less than 212°F. Approximately 55 per cent of the PjOs in the 
gas is collected by this hydrator as phosphoric acid having a concentration 
of 75 to 95 per cent H3PO4. The gas containing the balance of the PjOs 
and acid spray leave the hydrator through a graphite-hned steel duct 



{Courtesy of the TV A) 

Figtjbb 6. Phosphorus combustion chamber and auxiliary equipment for the re- 
covery of phosphoric acid. 


(2 9 inside diameter) and enter the lower headers of 3 precipitator nnits 
(connected in parallel) of the type previously described wherein the re- 
maining P2O6 (40 per cent or more) is collected as strong phosphoric acid. 

The arrangement of this plant for manufacturing phosphoric acid by 
the two-step process is shown in Figure 7. 


Advantages of the Two-Step Process 

The general adoption of the two-step process for manufacturing phos- 
phoric acid by the thermal reduction of phosphate rock is due to the fol- 
lowing factors: 

(1) It has overcome certain operating difficulties inherent to the one- 
step process. 
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{Courtesy of iht TV A) 

Figure 7. General arrangement and instrumentation of Acid Plant No. 2M for producing phosphoric acid from elemental 
phosphorus by the two-step process. 











Figueb 9. Flow sheet of the two-step process of manufacturing phosphoric acid 
by the blast furnace method. 


(2) It has made possible the manufacture of a highly concentrated acid 
requiring a minimum amount of purification. 

(3) Its flexibility is such that it is possible to supply either phosphoric 
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acid for industrial purposes or elemental phosphorus to meet mili- 
tary needs. 

(4) It permits the efficient use of the carbon monoxide gas obtained as 
a by-product. 

(5) The capital investment and depreciation on the phosphorus com- 
bustion chamber and acid recovery system is considerably less than 
in the one-step process. 

Flow sheets of the two-step process for the manufacture of phosphoric 
acid by the electric furnace and blast furnace methods are given in Figures 
8 and 9. 

Simultaneous Production op Phosphoric Acid and Hydrogen 

A novel method of treating the gases evolved in the thermal reduction 
of phosphate rock involves the simultaneous manufacture of phosphoric 
acid and hydrogen. This process was originally proposed by Liljenroth^® 
about 25 years ago, and is based on the reaction between phosphorus 
vapor and steam at elevated temperatures (by the aid of a suitable catalyst) 
as shown in the following equation: 

P 4 -f IOH 2 O 2P20« + IOH 2 

In the presence of an excess of steam the PgOs is converted into phos- 
phoric acid and removed either in an absorption tower or by electrical 
precipitation; hydrogen is recovered as a by-product. 

Liljenroth’s original patent covers the direct treatment of the volatile 
products (CO and P) with steam as they are evolved from the electric 
furnace and since this does not entail the preliminary step of condensing 
elemental phosphorus, it may be regarded as a modification of the one-step 
process. The inventor claims that all of the phosphorus vapor and part 
of the carbon monoxide are oxidized and the resultant PsOs is hydrated 
by the excess of steam to form phosphoric acid. If desired, the residual or 
unoxidized CO may be converted into hydrogen and CO 2 by further reac- 
tion with steam. 

The two subsequent patents of this inventor are for the oxidation of 
phosphorus alone and hence are adapted to the manufacture of phosphoric 
acid by the two-step process. These patents comprise the feeding of one 
volume of phosphorus vapor and 20 to 60 volumes of steam (at a tempera- 
ture of 500 to 600°C) over or through a palladium asbestos catalyst at a 
rate corresponding to the production of 50 liters of hydrogen per hour per 
gram of palladium in the catalyst chamber. 

Theoretically this process offers two outstanding advantages: 

(1) It utilizes part of the heat energy released in the oxidation of phos- 
phorus which in the present phosphoric acid processes is largely dis- 
sipated. 
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(2) It offers a means of obtaining hydrogen as a by-product which can 
be used in the manufacture of synthetic ammonia, a compound 
that fits in well with an intergrated program for producing concen- 
trated fertilizers containing both nitrogen and phosphoric acid. 

So far this process has not been practiced commercially but laboratory 
investigations recently reported by Schultz et and subsequent pilot 
plant experiments conducted by Hein and his co-workers® of the TVA 
appear to have solved some of the equipment and engineering problems 
and point the way to the further development of this process. 

In the laboratory experiments referred to above the efficiency of various 
types of metallic catalysts supported on a phosphate base were compared, 
but in protracted tests, only those catalytic bases consisting of aluminum, 
titanium and zirconium phosphates proved sufficiently resistant to the 
high temperatures and corrosion conditions imposed upon them. 

The active ingredients of the catalytic bodies tested consisted of plati- 
num, palladium, silver and copper. All of these were quite effective, but 
platinum and palladium were the most stable. Whereas there was a gradual 
loss of metal and a falling off in the efficiency of the copper catalyst, the 
low cost of this metal offers economic advantages where provision is made 
to renew the copper. 

In the pilot plant work conducted by Hein and his co-workers®, some- 
what higher temperatures (700 to 800®C) were employed in the catalytic 
chamber than specified by Liljenroth and a steam-phosphorus molecular 
ratio of 18 to 1 was maintained. After passing through the catalytic body 
the volatile products entered a so-called convertor wherein oxidation of 
the phosphorus was completed and most of the phosphoric acid collected. 

A materials balance based on the operation of this plant showed that 
93.8 per cent of the total phosphorus introduced was converted into phos- 
phoric acid, 2.7 per cent was evolved as phosphine (PHs), 1 per cent was 
collected as elemental phosphorus and 2.5 per cent was unaccounted for. 
The off gas contained 99.8 per cent of hydrogen. 

A list of U. S. patents dealing with the oxidation of phosphorus is given 
in Table 15 of the Appendix. 
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12. The Manufacture of Phosphoric 
Acid by the Wet Process 

Wm, C Weber 

Process Consultant, The Dorr Company, Stamford, Conn. 

Inteoduction 

The production of orthophosphoric acid on a large scale by the suKuric 
acid process was originally undertaken with a view to utilizing lower 
grades of phosphate rock which yielded only relatively dilute superphos- 
phate (12 to 14 per cent P2O5)* The plan suggested was to treat such phos- 
phates with sufficient sulfuric acid to convert completely their P2O5 content 
into orthophosphoric acid, filter off the insoluble residue, evaporate the 
phosphoric acid and use this strong acid solution to treat a second batch 
of phosphate rock, thereby producing the concentrated fertilizer material 
commonly known as triple superphosphate, the manufacture of which is 
described in Chapter 16. 

When the higher grade phosphate deposits of the United States were 
discovered, the preparation of phosphoric acid as an intermediate product 
in the manufacture of phosphatic fertilizers was no longer essential, but 
as the economic advantages of concentrated fertilizer products became 
apparent, the manufacture of phosphoric acid either by the so-called wet 
process or by thermal reduction methods assumed increasing importance. 
Such concentrated fertilizers can only be produced through the medium of 
phosphorus or phosphoric acid. 

In addition to its use for the prime purpose of making fertilizers and 
phosphate salts there appears to be an increasing probability that phos- 
phoric acid may be used as a reagent in certain industrial processes instead 
of sulfuric acid, thus obtaining products or by-products of commercial 
value. 

Source OF Phosphate 

The basic raw material for the production of phosphoric acid may be 
either bones or certain natural minerals. Bones, when used, must be de- 
greased and calcined. They represent a high-grade raw material and, there- 
fore, are used principally as a source of phosphoric acid for chemical 
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production and, to a rapidly decreasing extent, for fertilizers, either directly 
or as a precipitated product. 

The sources and characteristics of the mineral phosphates are described 
in detail in Chapters 4 through 9. The most desirable grade of rock to use 
when producing phosphoric acid for fertilizer purposes is dependent mainly 
on transportation costs and usually is that grade which can be delivered 
at the least cost per unit of P 2 O 6 . Most impurities, within the limits en- 
countered in average commercial grades of rock, do not seriously affect 
the processing. Excessive organic material as found in some of the North 
African and western rocks can be troublesome, causing foaming, dirty acid 
and filter cloth blinding. Resort is often made to calcination of the rock to 
bum off the organics. In the case of phosphoric acid used for the production 
of chemicals and food products, calcination of the rock is often desirable 
from the standpoint of improving the color of the resulting product. Also, 
the iron and aluminum impurities should be at a minimum, since they 
consume P 2 O 5 in the subsequent purification steps. For the wet process, 
it is obviously desirable to keep the calcium carbonate at a minimum since 
this consumes acid without any compensating conversion of P2O5. The 
Tunisian and Algerian rocks are at a disadvantage in this respect. Fluorine 
is an objectionable impurity, but in all deposits except the Island rocks and 
bones the F:P 20 s ratio is surprisingly constant for any particular region^h 
Flotation, if used in beneficiating the rock, often leaves flotation oils in 
the concentrate, which can cause persistent foaming in the phosphoric acid 
plant similar to that encountered with high organic rocks. It can be seen 
that the pedigree of the available phosphate rocks, as well as their cost, 
must be studied carefully in determining their suitability for the production 
of phosphoric acid. 

Type op Acid 

Whereas phosphoric acid may be produced by the action of either hydro- 
chloric acid or rdtric acid on natural phosphates, the soluble nature of the 
salts contained in the resulting products is such as to make the separation 
of the phosphoric acid difficult or commercially impracticable (see Chapter 
18). 

On the other hand, the main products obtained when phosphate rock is 
treated with sulfuric acid are phosphoric acid and gypsum. The latter being 
a relatively insoluble compound can be readily separated from the acid by 
filtration. Therefore, from a practical standpoint, sulfuric acid is the only 
inorganic acid considered commercially applicable to the manufacture of 
phosphoric acid by the so-called wet process. 

The sulfuric acid employed for the production of phosphoric acid may be 
derived from either the lead chamber or the contact type of plant. The 
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strength is not material except that the stronger the acid the more concen- 
trated is the phosphoric acid produced therefrom, hence where readily 
available, 66° B4 acid is to be preferred. Attempts have been made to use 
waste sulfuric acid such as that obtained from petroleum alkylation plants, 
but any appreciable quantities of organic impurities introduce serious com- 
plications in the manufacture of phosphoric acid from these wastes. 


Figuhe 1. General view of a modern plant for producing phosphoric acid and 
tuple superphosphate by the wet process at Immingham, England. 


Histoby of Developments 

In the early days, small quantities of phosphoric acid were produced by 
leaching superphosphate with a weak sulfuric acid, but this was later 
abandoned in favor of the direct production of phosphoric acid from phos- 
phate rock or bones. Older plants agitated phosphate rock with 30 to 40 
per cent sulfuric acid in batch tanks and then separated the phosphoric 
acid from the gypsum on filter beds or in filter presses. The main disad- 
vantages of the old process aside from high labor requirements were that 
the filter beds or presses became clogged, filtration was slow, excessive 
quantiti^ of water were used to wash the residue, and the filters had to 
be continually cleaned and frequently repaired because of the extremely 
corrosive nature of the acid. 

The first and probably most important attempt to modernize the chemi- 
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cal engineering application of this process, and to make it feasible for 
quantity production, was by the application of continuous countercurrent 
decantation using Dorr thickeners for washing the gypsum. Almost simul- 
taneously, the reaction was made continuous by the use of the Dorr-type 
of airlift agitator, and it is this system of continuous agitation and con- 
tinuous decantation which has come to be known as the Dorr System and 
which is amply described in some of the older textbooks and in the litera- 


Figube 2. Interior view of a modern plant producing phosphoric acid by the 
sulfuric acid process, 

tuxe^i. 16 . 30, 37^ Over 25 plants of this type were built during the period 
1917 to 1929. During this time the system underwent a considerable 
evolution. Whereas, in the earlier plants, countercurrent decantation alone 
was depended upon to remove the acid from the gypsum (using 5 or 6 
thickeners in series), it was found that, as adequate acid-resisting, con- 
tinuous filtration equipment was developed, better results could be obtained 
by 3 or 4 thickeners followed by a drum filter. Experience also showed that 
results could be improved by more intensive agitation than was obtainable 
in air agitators, and a special design of mechanical agitator was graduall^y 
evolved. During this period the idea of grinding the phosphate rock wet in 
specially designed acid-resisting pebble mills, using phosphoric acid as a 
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grinding solution, was developed and very generally adopted^®- A few 
plants used classifiers in closed circuit with the mills. The maximum 
strength of acid obtainable with this countercurrent decantation method of 
washing was around 20 to 22 per cent P 2 O 6 . The recoveries were high and 
the labor requirements low, but the plant costs were considerable due to the 
large equipment and the tremendous amount of lead and building required. 
Attempts were made to increase the strength of the acid and to obtain 
rapidly settling gypsum so that the size of the thickeners could be ma- 
terially reduced, but these efforts were not too successful and the difficulty 
of handling fast-settling material in thickeners and the more sensitive 
operation made the development questionable. At least two plants at- 
tempted to increase the acid strength and reduce the size of the plant by 
direct filtration of the reaction slurry in two stages. This attempt was not 
very successful because of the inability to thorougtjy control the gypsum 
precipitation and the inadequacy of the filtration equipment then available. 
In this industry, as in many others, the development of improved equip- 
ment and improved processes have gone hand in hand and have been 
mutually dependent on each other for their success. 

Toward the end of this period, that is to say from 1927 to 1932, two 
groups were working intensively on this problem. One was a Swiss company, 
Kunstdtinger Patent Verwertungs A.G., with a research laboratory in 
Berlin; the other a Swedish group, Kemiska Patenter, with headquarters 
in Landskrona, Sweden. The former group, known as K.P.V., was a com- 
bination of the Dorr interests and Mr. Frans Liljenroth. The latter group 
was headed by Mr. Sven Nordengren of the Swedish Superphosphate 
Company and cooperated with the German Lurgi interests. 

Nordengren and his associates^® first attempted to produce directly a 
very strong acid, 40 to 50 per cent P 2 O 6 , and this, for the reasons which will 
be developed in more detail later, entailed the production of anhydrous 
calcium sulfate®^. They carried out the digestion under pressure and at 
elevated temperature, but the problem of suitable materials of construction 
was serious and the filtration of this strong hot acid extremely difficult. 
Their next step was to estabhsh the conditions necessary, to produce a 
stable semi-hydrate of calcium sulfate which would not set, or hydrate, 
when washed^^- 23 ^ nxaking it possible to operate at atmospheric pres- 
sure and to reduce the reaction temperature to around 100°C. The most 
difficult problem encountered was the filtration of this slurry and, after 
considerable work, a special belt filter was developed®® known as the 
Landskrona or Lurgi filter, which represented a great advance in the art 
of filtering phosphoric acid slurries. As more experience was gained with 
this filter and more efficient methods of evaporating phosphoric acid were 
developed, the conclusion was reached that the economies in producing an 
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especially strong phosphoric acid did not justify the attendani! complica- 
tions; today, the process recommended produces a 25 to 30 per cent PaOs 
acid, depending on the grade and source of rock^^- This group has re- 
cently again taken up the production of anhydrite and 40 per cent PaOs 
acid. The process, according to published data, is rather complicated and 
has not been commercially demonstrated. 

The K.P.V. group worked along somewhat different lines. It also es- 
tablished the equilibrium conditions for the production of gypsum and semi- 
hydrate but concentrated on the principle of recrystaUization, that is, 
initially producing one form of calcium sulfate and then causing it to re- 
crystallize as gypsum. This group also produced a 40 per cent P 2 O 6 acid, 
but proposed to produce initially the semi-hydrate of calcium suKate, filter 
this off from the strong acid and then recrystallize to gypsum, refilter, and 
and complete the washing^^' By this method of recrystallization it was 
possible to produce excellent, coarse crystals, and knowing the equilibrium 
conditions, it was relatively easy to control the reaction. This method is 
especially applicable to phosphate rocks difficult to treat by conventional 
methods. The K.P.V. group, in a further effort to control the crystallization 
so as to produce a strong acid, proposed recirculating unseparated reaction 
products in sufficient quantity to provide the phosphoric acid necessary to 
dissolve the P2O5 as monocalcium phosphate and then to add the sulfuric 
acid and precipitate hemihydrate of calcium sulfate^®. It was found, how- 
ever, that the high concentrations and high temperatures necessary to 
produce hemihydrate introduced serious corrosion and filtration problems. 
The ultimate evolution of these ideas led to the production of a 32 to 
33 per cent P 2 O 6 acid and the direct production of a rapidly filterable gyp- 
sum®*®®. The process required very close control of the supersaturation 
conditions, but the problem was solved by the invention of the recirculation, 
or Dorrco Strong Acid Process®®, which will be described in more detail 
later. 

It should be noted that, simultaneously with the development of these 
improved reaction and filtration steps, the equipment and processes avail- 
able for phosphoric acid evaporation were also undergoing great im- 
provement. 

The Davison Chemical Company, of Baltimore, Maryland, has done a 
great deal of work on processes for producing granular superphosphate. 
As an offshoot of this work they developed a process for producing phos- 
phoric acid which should be mentioned, although to the author’s knowledge 
it has not gained commercial acceptance®^. Superphosphate is produced 
in the usual way and then granulated. The granules are charged into a 
battery of leaching or percolation tanks and treated with sulfuric acid. 
The acid travels countercurrently through a series of such vats. The super- 
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phosphate is converted in place into gypsum which is washed and then 
flushed from the tanks. It is claimed that a 40 per cent P 2 O 5 acid can be 
thus produced. 

The Davison Chemical Corp., has also proposed a very novel method 
of producing a concentrated, low fluorine, phosphoric acid^^®-. Finely di- 
vided, dry phosphate rock is mixed with 98 per cent sulfuric acid, the 
mixture is heated to from 200 to 300°C to form a so-called chnker which is 
leached with water to form phosphoric acid. During the mixing and heat- 
ing steps about 90 per cent of the fluorine is volatihzed. It is claimed that 
an acid with up to 54 per cent P 2 O 6 can be produced by this process. The 
fluorine is said to be low enough for direct use in the manufacture of phos- 
phatic animal feed supplements. 

A process following a very novel approach to this problem has been 
proposed by John H. Coleman,®’ ^ for producing high concentration and 
high purity phosphoric acid or alternatively a high analysis material for 
long distance shipment. Briefly, ground phosphate rock is mixed with 70 per 
cent phosphoric acid in proportions to give a Ca 0 :P 206 ratio between 5:3 
and 5:4. Calcination of this material at 200 °C drives off 95 to 98 per cent 
of the fluorine, and the resulting product is a complex polyphosphate. This 
can be used for the production of a concentrated phosphoric acid by 
digestion with a mixture of concentrated sulfuric acid and 60 per cent 
phosphoric acid giving a pyrophosphoric acid which rapidly hydrates to the 
orthophosphoric acid. The calcium sulfate is filtered off and washed, and 
it is claimed that a 70 per cent phosphoric acid can be produced. 

The Dorkco Strong Acid Process 

This process,®® as previously mentioned, seems to represent the most 
modern development of the wet process. It has been tried and proved by 
seventeen years operation at the plant of the Consohdated Mining and 
Smelting Company at Trail, B. C.®’ The recently constructed plants of 
Mathieson Chemical Co. (formerly Southern Acid & Sulphur Co.) at 
Houston, Texas, and Fisons, Ltd., at Imminghan, England, seem a far 
cry from the usual heavy chemical plants in their convenient arrangement, 
concrete and steel construction, cleanliness, airiness, freedom from dust, 
and general efficiency of operations. 

The flow sheet of the process is shown diagrammatically in Figure 3 
and a general arrangement of a hypothetical plant in Figure 4. The sulfuric 
acid is diluted with weak phosphoric acid in mixing heads and added in two 
stages to the recirculated slurry in two violently agitated small mixers. 
The rock dust is then flash-mixed into the acidified slurry. Agitation is 
continued in two or three more agitators with simultaneous cooling with 
low-pressure air. The completely reacted slurry is held in a surge tank before 
filtration. Slurry from the last reaction tank is pumped or recycled to the 
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head of the system. The fumes are drawn off the various agitators and 
mixers and through an absorption or fluorine recovery system by exhaust 
fans. The slurry is pumped to the filters, which are either of the belt pan or 
disk horizontal type. The 32 to 33 per cent acid produced is already strong 
enough for the production of ammonium or sodium phosphates. Where 
used for the production of triple superphosphate or food grade calcium 
phosphates, it must be further concentrated by evaporation. Recoveries 
by this system are from 94 to 96 per cent. 

Chemistry of the Process 

Virtually all phosphate rocks, except those of very recent origin, have a 
definite fluorine :P 206 ratio, corresponding fairly closely to that in fluor- 



Figurb 3. Flow sheet of the Dorrco System for manufacturing concentrated phos- 
phoric acid by the wet process. 


apatite, 3 Ca 3 (P 04 ) 2 *CaF 2 . In addition, all phosphate rocks contain many 
impurities. These include organic matter; iron and aluminum oxides; 
silica; carbonates, sulfates, and chlorides of lime and magnesium; and small 
quantities of sodium, potassium, titanium, zinc, copper, manganese, ar- 
senic, chromium, vanadium and uranium. 

The principal reaction occurring in a phosphoric acid plant is the reaction 
between tricalcium phosphate and sulfuric acid to give soluble phosphoric 
acid and insoluble calcium sulfate. However, there are a number of minor 
reactions occurring, the more important of which are shown below: 


CaFa 4- H 2 SO 4 = GaS04 4- 2HF (1) 

6 HF 4- SiOs = HaSiFe 4- 2 H 2 O ( 2 ) 

NaaO (or K 2 O) 4- H^SiF* = Na^iF^ (or KaSiFd 4 - H 2 O (3) 

H 2 SiF 6 4- Heat and/or Acid ~ SiF4 4- 2HF (4) 

3SiF4 4- 2 H 2 O = 2H2SiFe 4- SiOa (5) 

FeaO* (or AI2O2) 4- 2 H 3 PO 4 = 2FeP04 (or AIPO4) + 3 H 2 O (6) 

c&coz + mso4 cbboa + coz + mo m 





Figure 4. General arrangement of hypothetical plant for producing strong phos- 


phoric acid by the Dorr Process* 


The HF released, equation (1), reacts almost immediately with the siMca 
(always present) to form fluosilicic acid (2). The silica which is attacked 
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in this way is apparently principally present in the form of siHcato (such 
as clay) which are more readily available than silica in the form of sand. 
Any sodium or potassium reacts to form sodium or potassium fluc^ilicates 
(3). These particular compounds are a source of considerable trouble as 
the phosphoric acid will, in most cases, be saturated with them; and since 
they have steep solubility curves (vs. temperature), they are a primary 
cause of scale formation in pipelines and equipment. In this respect, all 
solutions are also saturated with calcium sulfate, which precipitates on 
cooling or when there is a change in the sulfate concentration. In the 
presence of strong sulfuric acid and at high temperatures, the hydro- 
fluosilicic acid is decomposed and silicon tetrafluoride gas is evolved (4). 
This occurs wherever sulfuric acid is added or at high temperatures, and 
especially if any air is blown through the solutions. In the presence of mois- 
ture (in fume ducts and scrubbing towers) the tetrafluoride gas is converted 
into silica and hydrofluosilicic acid (5). 

Practically all the iron and aluminum present in the phosphate rock is 
taken into solution as iron and aluminum phosphates (6). Calcium car- 
bonate, which is one of the principal gangue materials in some deposits, 
is a consumer of sulfuric acid (7). Silica in excess of the fluorine is unaffected. 
Some African rocks are deficient in reactable silica and HF corrosion is a 
problem. 

The principal reaction occurring is the decolnposition of the tricalcium 
phosphate thus : 

Ca3(P04)2 + 3H2SO4 - 3CaS04 + 2H3PO4 (7) 

The reaction can be better understood by visualizing it in two separate 
steps: 

Ca3(P04)2 + 4 H 3 PO 4 + “X”H5P04 = 3CaH4(P04)2 + “X”H8P04 (8) 

3CaH4(P04)2 + 3H2S0^ = 3CaS04 + 6H3PO4 (9) 

In the first step, the tricalcium phosphate dissolves in a large excess of 
phosphoric acid to give monocalcium phosphate in solution (8). This 
will occur at any time that there is a deficiency of sulfuric acid, and un- 
doubtedly occurs momentarily at the interface between the solid phase 
phosphate particles and the liquid phase phosphoric acid. Thereafter, the 
sulfate ions react with the monocalcium phosphate, precipitating calcium 
sulfate (9). 

This is a very brief outline of the chemical reactions involved. Although 
the reactions are complicated by the impure nature of the raw materials, 
the' chemistry is relatively simple. The corrosive nature of the impure 
phosphoric acid and its iniplications are another story. Pure phosphoric 
acid is not unduly corrosive; but, when it contains small percentages of free 
sulfuric acid, hydrofluosilicic acid and probably, for short periods, small 
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quantities of hydrofluoric acid, it becomes very active toward most con- 
struction materials. Another complicating factor is the physical chemistry 
involved in the production of the optimum type and size of calcium sulfate 
ciystals and the maximum conversion of phosphate into phosphoric acid. 

Calcium sulfate can be precipitated in phosphoric acid with various 
degrees of hydration, depending on the concentt*ation and temperature 
of .the solution. It may precipitate as dihydrate (CaS04v2H20) or semi- 
hydrate (CaS04‘iH20) or as an anhydrite (CaS04). The anhydrite may, 
in turn, occur in at least two forms: ( 1 ) the common, insoluble (or stable 
and nonhydratable) anhydrite, or ( 2 ) the so-called soluble anhydrite, which 
will, when the concentration and/or temperature are reduced, hydrate 



Figure 5. Transition temperature of calcium sulfate (hemi-hydrate) to gypsum 
at various concentrations of P2O5. 

to the semi- or dihydrate form. Nordengren and his associates also found 
that there was a form of stable semi-hydrate which would not hydrate, or 
at least was sufficiently stable so that it could be washed without danger 
of setting during the filtration operation^^. The curve, Figure 5 , gives the 
transition temperatures from semi-hydrate to gypsum at various P2O6 
concentrations. The author has found that this theoretical curve represents 
only average conditions and that the practical equilibrium may vary 
considerably from th^e values in well seeded commercial systems. 

The key to success in a wet process phosphoric acid plant lies in the 
control and operation of the reaction station. If the fundamentals here are 
sound, the subsequent operations of filtration and evaporation should 
present only normal chemical engineering problems. The objectives of the 
reaction station are: ( 1 ) to obtain maximum extraction of P206i ( 2 ), to 
produce an easily filterable calcium sulfate; and ( 3 ) to produce an easily 
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washable calcium sulfate so that there will be a minimum loss of soluble 
P2O6 in the waste product. 

Extkaction Losses 

There are two types of extraction losses. The first is due to undecomposed 
or unattacked phosphate rock. This can be the result of insufficient grinding 
or insufficient detention for complete extraction. However, experience has 
shown that with reasonably fine grinding losses from this cause should be 
negligible. Losses from undecomposed rock can also occur due to coating 
of unattacked rock particles with gypsum. This occurs when the sulfate 
content of the reaction slurry is too high. Under these conditions, pre- 
cipitation is so rapid that the calciiim ions dissolved by the phosphoric 
acid do not have time to diffuse away from the rock-acid interface before 
being converted to calcium sulfate. The sulfate excess above which this 
effect becomes serious, varies with the type of rock, concentration of acid, 
and other conditions. It is usually around 3 to 4 per cent total H2SO4. 
When this phenomenon occurs, the phosphoric acid not only is incompletely 
extracted from the rock, but the excess of unutilized sulfuric acid in the 
solution will increase progressively and throw the whole plant out of 
control. 

The second type of extraction loss is in the form of citrate soluble P2O6 
in the washed gypsum. According to studies of Weber and his associates®®, 
this loss is due to the formation of a solid solution of dicalcium phosphate, 
CaHP04-2H20 in the gypsum. That is, as the gypsum crystallizes out, it 
does not do so as pure calcium sulfate but HPO4 ions substitute for a certain 
percentage of the SO4 ions in the crystal lattice. It is in an exactly similar 
manner that some galena contains silver sulfide which cannot be separated 
from it mechanically since Ag2S molecules replace a certain percentage 
of PbS molecules in the crystal lattice. This type of P2O5 loss arises from 
the fact that dicalcium phosphate crystallizes in the same crystal system as 
gypsum and has very nearly the same crystallographic constants. The 
higher the sulfate content of the, solution, the less the loss; while the 
greater the P2O6 content of the solution, the greater the loss. This loss is 
greatest in solutions high in CaO and low in H2SO4. To minimize this type 
of loss, a slight but definite excess of SO4 ions must be maintained through- 
out the reaction system. 

Filterable ANO Washable Gypsum 

The semi-hydrate of calcium sulfate can be obtained in a very rapidly 
filtering form. For the reasons stated elsewhere, the high concentration 
and temperatures necessary for its formation and other difficulties have 
made it uncommercial to produce this form of calcium sulfate. In the case 
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of gypsum it has been found that the best filtration characteristics are 
exhibited by rather large individual rhombic crystals of a shape wherein 
the length does not exceed two or three times the width and which have 
substantial thickness. Such crystals under the microscope will appear 
diamond shaped with heavy black edges indicating thickness. It is possible, 
and rather usual in plants with poor reaction control, to obtain crystals 
which are long, thin needles. These filter very rapidly, but they give a 
moist filter cake which occludes a great deal of acid difficult to remove. 
If they are exceedingly fine, they may form star-hke clusters which are 
even more objectionable. When the crystals are too small they tend to ag- 
glommerate, and this type of gypsum, although it may filter well, washes 
very poorly. Under some circumstances the crystals may occur in thin 
plates, which give an exceedingly sloppy filter cake. This control of the 
reaction to give the proper type, size, and shape of crystal is important 
to the smooth-running and efficient operation of a phosphoric acid plant. 

Assuming that the proper type of gypsum crystal is obtained, the fil- 
terabihty and washabihty appear to depend chiefly on the size of the 
crystals. The size is inversely proportional to the number. Therefore, as 
few crystals as possible are desired and, to this end, the avoidance or 
minimization of the formation of crystal nuclei is a major requirement. 
It is well known that the number of crystals formed in precipitating a 
quantity of a solid substance is a function of the concentration of the re- 
acting substances in the solution phase of the reacting mixture. All crys- 
tallization or precipitation is induced through a supersaturation of the 
solution phase. Supersaturation will occur when either one of the two re- 
actants, CaO or SO4, is added to a saturated reaction system. This means 
it will occur if suKuric acid is mixed with phosphoric acid saturated with 
CaO or when rock is introduced into the reaction slurry. 

The Dorrco Strong Acid Process®® is an attempt to control this super- 
saturation and to maintain throughout the reaction system the sulfate 
concentrations which are most favorable to the maximum extraction of 
P2O6. In this system supersaturation is kept at a minimum at all points 
in the reaction system: first, by maintaining a very large circulation of 
unseparated reaction products so that the sulfuric acid is greatly diluted 
and kept at a very low value throughout the system ; and second, by main- 
taining an excess of sulfuric acid at all points in the system so that at no 
time is there any substantial concentration of unprecipitated CaO ions. 
The use of unseparated reaction products for this dilution has the added 
advantage that an enormous crystal surface is available, which discourages 
the formation of new crystal nuclei. Premixers giving relatively violent 
agitation are provided at the points of acid and rock introduction so as to 
minimize local high concentrations of either ion. 
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Acid Strengtii 

As mentioned previously, while calcium sulfate can occur with different 
degrees of hydration, practically all present-day phosphoric acid plants 
are operated to precipitate the dihydrate. It is possible in a properly seeded 
system, at temperatures under 65®C, to produce up to 40 per cent P 2 O 6 
acid without forming the semi-hydrate. However, above 32 to 33 per cent 
P 2 OS the crystals rapidly become smaller and exhibit a tendency to ag- 
glomerate. Maintaining reaction temperatures below 65°C greatly increases 
the cooling problem. It is possible to produce as high as a 38 or 39 per cent 
acid, but the filter displacement is poor and, with this strong viscous acid, 
double filtration is necessary to obtain reasonably efficient displacement 
of the acid in the gypsum cake. For this and other reasons, 32 per cent 
P2O5 seems to be the most economical strength when precipitating the caP 
cium sulfate as gypsum. There is a possibility that plants in the future may 
again attempt to increase capacities and produce stronger acids by pre- 
cipitating the calcium sulfate in the semi-hydrate or anhydrite form. New 
equipment, construction materials, and techniques may make this feasible. 

Temperatures 

The filter fabrics, if exposed to excessive temperature, are subject to 
rot, shrinkage, or deformation, depending on the type used. These effects 
are negligible at lower temperatures. Phosphoric acid solutions all contain 
free sulfuric and hydrofluosilicic acids and these combinations of acids 
are extremely corrosive to most materials, especially at elevated tempera- 
tures. High temperatures preclude the use of rubber. The solutions pro- 
duced are all saturated with gypsum and, with many types of phosphate 
rock and under certain conditions, also with sodium and potassium fiuo- 
silicates. As a result, the solutions are scale-forming and pipelines, filter 
cloths, and filtrate receivers are endangered. The lower the temperatures 
carried throughout the plant, especially at the filters and in pumps and 
pipelines, the smaller will be the temperature drop and the less difficulty 
will be encountered from crusts and scaling. At higher temperatures the 
reaction will be accelerated, although there is no evidence that the ultimate 
extraction is any greater. Filter capacities at, say 85*^0 are, however, con- 
siderably increased. In general, it seems that the preponderance of argu- 
ments are in favor of low temperature operation, 65° to 75°C. Due to the 
exothermic nature of the reactions, when producing a strong acid and using 
concentrated sulfuric acid, artificial cooling is required except in small 
plants. Some plants use low-pressure air for cooling by evaporation. This 
has the added advantage that it permits the production of stronger acid or, 
alternatively, the use of larger quantities of wash water. 
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By-Peodtjcts 

Several by-products are being or can be recovered in the manufacture 
of phosphoric acid by the sulfuric acid process. Some of these have con- 
siderable potential value and the problem of their economic utili 2 !ation is 
being given careful study. These by-products are calcium sulfate or gyp- 
sum, fluorine compounds, iron and aluminum phosphates, vanadium and 
uranium. 

Calcium Sulfate 

Gypsum from phosphoric acid plants has been used for the production 
of plaster and precast blocks for interior partitions^*®. It is possible to 
produce a suitable plaster from this by-product calcium sulfate, but most 
of the plants which have been built have been abandoned. This was due 
primarily to the fact that they were on too small a scale to be economic and 
because of unfavorable locations and other marketing conditions. 

This calcium sulfate also can and has been successfully used for the 
production of ammonium sulfate^h The economics of this application are 
complicated and depend on the relative cost of producing ammonium sulfate 
from sulfuric acid, and the availability of carbon dioxide gas and reasonably 
priced fuel for evaporating the 40 per cent solution of ammonium sulfate 
obtained. The reactions between ammonia and CO 2 to jJroduce ammonium 
carbonate, and between ammonium carbonate and calcium sulfate to pro- 
duce ammonium sulfate and calcium carbonate are well established and 
involve no tmusual difficulties. Plants in Germany, France, England, Bel- 
gium, Japan, and India are producing ammonium sulfate from natural 
and by-product calcium sulfate on a large scale. At present there are no 
plants in the United States, probably because the phosphoric acid plants 
are located where sulfuric acid can be produced cheaply. This situation 
may undergo a change because of the increasing shortage and cost of sulfur. 
Waste calcium sulfate can also be used agriculturally and as a retarder in 
Portland cements. 

Calcium sulfate has been used in Germany, England and France as a 
raw material for sulfuric acid, cement clinker being produced as a by- 
product. A plant at Billingham, England, with a capacity of 110,000 tons 
of H 2 SO 4 per year has been in operation since 1929. A new plant with a 
capacity of 165,000 tons per year is being built near Liverpool. The plants 
are very expensive. 

STuosilicates 

In either the thermal reduction method or the wet process for manufac- 
turing phosphoric acid, a substantial proportion of the fluorine present 
in the phosphate rock is driven off in the form of noxious gases that in 
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most cases must be absorbed or collected to avoid contaminating the 
atmosphere^**'. 

In the wet process the evolved fluorine is in the form of silicon tetra- 
fluoride which on contact with water or steam forms 'hydrofluosilicic acid 
and gelatinous silica. Absorption towers or venturi scrubbers are provided, 
in which the fluorine is absorbed by water or dilute H2SiF6. 

The precipitated silica is settled out and the solution of hydrofluosilicic 
acid is either marketed direct or employed in the manufacture of such 
products as calcium, sodium, ammonium and magnesium fluosilicates which 
are used as laundry sours, in the manufacture of tile, in concrete hardeners, 
as ingredients of insecticides and for fluorinating water supplies. Alkali 
fluosilicates also are recovered in the purification of phosphoric acid by 
addition of soluble soda salts. 

A number of superphosphate plants in this country and at least one 
large phosphoric acid plant recover hydrofluosilicic acid and produce sub- 
stantial tonnages of fluosilicates^^ 

Precipitated Phosphates 

In purifying phosphoric acid produced by the wet process, contaminants 
such as iron and aluminum may be recovered by partial neutralization of 
the acid with limestone or soda ash. 

The precipitates thus formed consist largely of iron and aluminum phos- 
phates and though they represent a loss of P2O6 from the acid solution, 
they are largely citrate soluble and when dried have a distinct value for 
fertilizer purposes. , 

Vanadium 

Only the phosphate deposits of the western states contain suflSlcient 
vanadium to warrant its recovery as a by-product in the manufacture of 
phosphoric acid by either the thermal reduction method or the sulfuric 
acid process. The quantity of vanadium oxide (V2O5) in these phosphates 
vary from a few tenths up to nearly one per cent. So far, the shaly phos- 
phates in this area, which are more suitable for treatment by the thermal 
reduction method, appear to contain larger proportions of vanadium than 
the higher grades of rock. Nevertheless, the amount of this relatively rare 
metal in the higher grade phosphates is sufficient to warrant its recovery. 

In the wet process for manufacturing phosphoric acid the vanadium is 
dissolved by the sulfuric acid, imparting a green color to the resulting 
phosphoric acid. The first method for separating this element from the acid 
was patented by LaW® who proposed to precipitate it by the addition of 
sodium ferrocyanide. Later it was found that vanadium could be precipi- 
tated from such acid solutions as phospho-vanadic acid by the addition of 
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oxidizing agents such as chlorates and persulfates^. Frick and Woodman® 
patented a process for purifying this precipitate consisting of heating it 
with a solution of soda ash and hydrated lime. The phosphorus preferen- 
tially combines with the lime precipitating calcium phosphate, whereas 
the vanadium dissolves as sodium vanadate. The calcium phosphate is 
removed by filtration and the vanadium precipitated largely as vanadium 
oxide by the addition of sulfuric acid. These steps are repeated until the 
vanadium precipitate is substantially free from phosphorus. Nelson^® sub- 
sequently proposed the substitution of ammonia for the soda ash claiming 
the process to be more efficient and the recovery of ammonia for reuse a 
relatively simple matter. 

The Atomic Energy Commission has announced in the press that certain 
phosphate deposits contain uranium in quantities varying from -3^^ to 
of a pound to a ton of rock. The Commission has developed processes for 
recovering uranium from the phosphoric acid obtained in the wet process. 
Several plants are being built or are projected. 

Equipment 

Crushing 

Where the phosphate rock has been beneficiated by washing or flotation, 
it is sufficiently fine for the grinding mills. This is true of all Florida Land 
Pebble, which is usually — f inch. Rock obtained from vein mining opera- 
tions is in coarse lumps and must receive a preliminary crushing. Any of 
the conventional ore-crushing equipment is .suitable for this purpose. Jaw 
crushers and swing hammermills are most often used, with the latter 
usually closed-circuited with mechanical vibrating screens. For large ton- 
nages, gyratory crushers could be considered and also rolls in closed circuit 
with screens. 

Calcination 

Phosphate rocks high in organic matter must often be calcined to elimi- 
nate excessive foaming in the phosphoric acid plant and, in many cases, 
blinding of filter fabrics. Also, in the case of phosphoric acid to be used in 
the production of pure phosphate chemicals, it is advantageous to calcine 
the rock to eliminate color in the finished productSv 

This calcination is usually carried out in rotary kilns although at least 
one plant is using multiple hearth furnaces of the McDougall type^®. The 
size to which the rock must be reduced before calcination varies with the 
type of ore. In some cases J-inch rock can be calcined, whereas in others 
it is necessary to crush to 10 or even 20 mesh. Calcination temperatures 
Vary from 500 to 900°C (900 to 1700®F). At the lower temperatures the 
organic matter is granulated but not actually burnt off. 
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The new FluoSolids system for calcination which is being exploited by 
the Dorr Company holds promise of being advantageously applied to this 
problem of calcining high organic phosphate rocks. A unit is being in- 
stalled in Greece for calcining Tunisian phosphates. The organic matter 
supplies some of the necessary fuel and with multiple compartment units 
the fuel consumption should be exceedingly low. Very close temperature 
control can be obtained with this FluoSolids system. 

Grinding 

During the period 1917 to 1930, when most of the weak-acid Dorr 
Systems were being installed, wet grinding was very popular. The equip- 
ment used was pebble mills, lead or rubber-lined, with hint block or silex 
linings set in acid-proof cement®®. The grinding media were high-grade 
flint pebbles, usually imported from Denmark. The rock was ground in 
weak phosphoric acid obtained as wash liquor from the thickeners. This 
wet grinding had the following advantages: it was an initial method of 
getting the rock into solution, the power consumption was somewhat less 
than with the dry-grinding equipment available at that time, and the dust 
loss attendant on dry-grinding was eliminated. One of the largest phos- 
phoric acid plants in the world still uses wet grinding®. The 7' x 16' nulls 
each handle about 80 tons of rock per day and the linings are good for 30,000 
tons. Pebble consumption is 1.5 Ibs/ton. Power consumption is approxi- 
mately 20 kwh per ton of rock ground to 70 per cent— 100 mesh. 

Most of these earlier plants were relatively small by present day stand- 
ards. A number of factors have combined to make dry grinding, under 
average present day conditions, considerably moi;e attractive. The dry- 
grinding equipment has undergone extensive development. The available 
equipment today has greater capacity and is more rugged and efficient 
than was available when wet grinding was in its heyday. The larger plants, 
which are necessary because of high labor costs and high construction 
costs in order to obtain economic operation, would require a large number 
of wet-grinding units, whereas the same capacity can be obtained in one or 
two large, dry-grinding mills. In plants producing triple superphosphate it 
is necessary to dry grind the rock required for the acidulation and, rather 
than provide small separate equipment for the purpose, it is usually better 
to provide one large, central, dry-grinding plant. Wet grinding is responsible 
for some citrate soluble P 2 O 6 loss due to the tendency, in a sulfuric acid- 
deficient environment, to precipitate dicalcium phosphate in solid solution 
in the gypsum. 

Equipment for grinding phosphate rock is described in Chapter 15 cover- 
ing the production of superphosphate. The equipment for phosphoric acid 
should be the same as that used in modern superphosphate plants. Suitable 
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equipment for large installations is the Eaymond type of mill with the 
rock ground to 85 to 90% — 100 mesh. Power consumption is about 18 to 
20 kwh per ton. One man can operate the average grinding installation so 
that labor charges are inversely proportional to tonnage. The conveying 
and handling of phosphate rock dust has been given considerable study. 
The best equipment for small tonnages is probably one of the various types 
of bulk conveyors. For large and complex installations a pneumatic fluid 
solids system, such as the Fuller-Kinyon, makes a very fine arrangement. 

Feeding 

This is a phase of phosphoric acid plant design which has undergone 
study and development and is an important part of a successful operation. 
In the early days, batch weigh scales were used and were followed by various 
forms of volumetric feeders, such as belts, screws, and disk and pan feeders. 
Since the weight per cu ft of phosphate rock, especially when finely ground, 
varies considerably, volumetric feeding is not sound. Consequently, more 
accurate weight feeders were adopted. The earlier machines depended upon 
a scale beam to provide the necessary power, through a system of levers, 
to actuate a control gate, and were thus inherently inaccurate. Many 
units of this type are still in operation and with modification and careful 
operation give fairly satisfactory service. In recent years, these belt feeders 
have been improved by providing a powered feed regulation controlled 
by the scale beam. The type of unit now installed in the modem continuous, 
nearly automatic plant is a rather expensive, but highly refined and very 
satisfactory evolution of, this principle. Special design and adaptat^n for 
phosphoric acid plant service is required. Phosphate rock dust is unusually 
difficult to handle. Under certain conditions it will flow like water and under 
others will pack and channel so badly that, unless the bin and feed equip- 
ment are very carefully designed, it is almost impossible to get consistent 
feed with even the best of equipment. 

In the earlier plants, the sulfuric acid feeding equipment was relatively 
cmde. Weirs, syphons, and valves were used and in some places batch 
weighing was resorted to. The most successful device has been a type of 
rotary scoop known as the Howard Acid Feeder^®. Whereas this may seem 
to be a rather cmde device, actually it has been developed to the point 
where it is exceedingly reliable and accurate and lends itself to remote 
control, totalization, and other instrumentation, which makes it very 
suitable for the modem plant. Some plants are using rotameters. The older 
types were not sufiiciently accurate or reliable but the automatic, elec- 
trically controlled and recording type has interesting possibilities. 

The weak phosphoric acid wash liquors used for diluting the reaction 
slurry should also be fed with some accuracy. The principal difliculty in 
applying the usual types of flow meters and control devices is that this 
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acid carries suspended solids and is both scale-forming and corrosive. The 
scoop type of feeder has been successfully applied. 

Agitation 

The reaction between phosphate rock and sulfuric acid is now carried 
out continuously in a series of agitators. In the early days, the Dorr airlift 
type of agitator was rather generally used. One plant used and continues to 
use Pachuca agitators. Paddle agitators also were used alone or in combina- 
tion with air. With the intensive development of this process it was found 
that relatively violent agitation was desirable for the best results; there- 
fore, there was a gradual trend toward the use of various types of impeller, 
propeller, and turbine agitators. At one plant using agitators equipped with 
closed impeller types of mechanisms driven by 10 h-p motors, it was found 
that, by increasing the intensity of agitation by doubling the power input, 
the throughput for the same extraction (and other results) could be practi- 
cally doubled. Intensity of agitation must, of course, not be carried to the 
point where attrition will result in formation of fines and false crystal 
nuclei. The specification of agitators for this service has, therefore, become 
a rather specialized technique. Furthermore, it has been found that dif- 
ferent intensities and types of agitation are required at different points 
in the reaction system. 

The type of construction of the agitator tanks leaves a considerable 
choice depending on costs and other considerations. Wood and steel tanks 
are most commonly used. Steel gives a somewhat better support for the lin- 
ing and where surplus reaction heat must be dissipated, the use of steel mini- 
mizes the amount of mechanical cooling that must be provided. Where 
heat must be conserved, as in the case of small plants, the insulating ad- 
vantage of wood may be of some value. Wood tanks must be lead-lined and 
steel tanks may be either brick, lead or rubber lined. With the rapidly 
increasing cost of lead, some consideration has been given to the use of 
stainless steel tanks, especially very light steel with a reinforcing or backing 
of structural steel members. The temperature carried in the reaction system 
will affect the choice of rubber as will also the question of maintenance and 
repair. Lead linings must be protected against erosion as phosphoric acid 
slurries are extremely abrasive. While some of the earlier plants used 
wood protective linings, a chemical brick set in acid-resisting cement is 
far more satisfactory. With turbine agitators, peripheral baffles are neces- 
sary and will affect the design of the tank and lining. Provision must be 
made for removing the coarser material which tends to segregate in the 
lower part of the tank. The agitators are covered and vented. 

In the Dorrco Strong Acid Proems the agitators also accommodate the 
air-cooHng distributors and the acid-mixing heads^®. 

The optimum dilutiop to use during reaction, the temperature, and the 
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retention time to be provided are complicated by many factors. One or two 
can be mentioned. While the attack is very rapid, crystal growth is im- 
proved by slowing up the reaction. Also sufficient volume or buffering should 
be provided to take care of unavoidable inaccuracies in the feeding devices, 
variations in the analysis of the raw materials, and the time required for 
analysis and correction. 

Fume Control 

A very important feature of a well-designed phosphoric acid plant is a 
thoroughly adequate system of handling the fumes given off during the 
reaction and especially at the points of sulfuric acid addition. In many 
plants this has been taken care of very casually by providing hoods or 
ventilators over the agitators or stacks through the roof and depending on 
natural draft and wind to guide the fumes to one’s neighbors. In the newer 
plants a general fume collection system is provided with connections to 
the agitators and other equipment requiring ventilation. The entire sys- 
tem is kept under a negative pressure by exhaust fans and the fumes are 
scrubbed with water in packed or spray towers. Provision must also be 
made for catching any acid spray or mist. The size and number of towers 
or scrubbers vary with the degree of fxime removal desired, depending 
usually on whether fluorine is to be recovered and the character of the neigh- 
borhood where the plant is located. 

Filtration 

The earliest type of continuous filtration equipment was the rotary drum 
filter. These were usually of wood construction with lead piping and, in 
some cases, cast lead construction. Filter cloths were of wool or nitrated 
silk or cotton. These filters were used, in most cases, following several 
stages of decantation in Dorr Thickeners so that the corrosion and scaling 
conditions were not too severe. At least two plants were built, however, 
using two-stage filtration on drum filters directly following the agitators. 
The first application of the Dorrco Strong Acid Process at Trail, British 
Columbia, used Dorrco Internal Drum Filters in two stages (Figure 6). 
This plant was later altered to a three-stage operation®. The filters are 
lead-lined with rubber-lined valves and miscellaneous stainless steeel parts. 
The filter cloth used is “Vinyon.” The original filters were rubber-lin^ but 
the lead-Kned construction has been found m.ore satisfactory. This plant 
has been in operation for almost 18 years, and the operators consider 
these filters satisfactory for their particular service®. 

With the development of the horizontal types of filters, the use of drum 
filters in phosphoric acid plants has gradually become obsolete. These 
comprise the rubber belt type (Lurgi-Landskrona), the Oliver Horizontal, 
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the Tray Belt Type (Giorgini) and others. Since these filters represent a 
very definite advance in the art and since, coupled with the production of 
strong acid by the recirculation system of reaction control, they represent 
the best modern practice in phosphoric acid manufacture, they will be 
described in some detail. 


The belt or band filter variously referred to as the Landskrona, Norden- 
gren, Lurgi, Stokes, or Mercer filter was, as previously mentioned, de- 
veloped by Nordengren and his associates in the early 1930 ’s^' It com- 



Figube 6. Drum vacuum filter for filtration of phosphoric acid produced by the 
sulfuric acid process. 


prises two endless rubber belts carried on large diameter pulleys. Between 
the pulleys, and running longitudinally under the belts, is a narrow vacuum 
box flanked by ribbed decks for supporting and troughing the belts. The 
carrier belt is of reinforced rubber construction and is provided with raised 
edges for receiving the perforated belt and with centrally located, longitu- 
dinally spaced slots. These communicate with a continuous slot in the 
cover of the vacuum box. Supported by the carrier belt is a perforated, 
pure rubber belt with molded studs and transverse ribs on its lower side to 
provide paneled filtrate receiving spaces. The filter cloth, in the form of an 
endless belt, is supported by the perforated belt. The filtrate is drawn 
through the perforations then gravitates transversely to the slots in the 
carrier belt and through these into the vacuum box. Transverse flexible 
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dams above the belts are provided to divide the filter area into several 
sections. The feed is introduced onto the first section and forms a cake, 
which then passes under the second or cake-forming dam. In the second 
section, an acid wash is applied. In the third section wash water is intro- 
duced and in the final section the cake is sucked dry. Upon release of the 
vacuum, the cake breaks away freely from the filter cloth as it passes over 
the drive pulley and a water spray completes the removal. Adjustable 
partitions divide the vacuum box into several compartments and the 
various strengths of filtrate are kept separate. On the return, the filter 
cloth is separated from the rubber belts and thoroughly rinsed by water 
sprays. The filter sections are kept flooded, which aids in forming a uniform 
cake, results in very effective downward displacement washing, and mini- 
mizes vacuum requirements. A variable speed drive gives belt speeds of 
from 7 to 14 feet per min. These filters are built in the following sizes: 


U. S, designation 

^5 

#10 

*30 

*40 

^5^50 

European designation 

— 

— 

3 meter 

4 meter 

5 meter 

Net filter area (sq ft) 

5 

10 

32 

63 

54 


Belts have been made of neoprene but a high grade natural rubber is 
preferable. Vacuum box, dams, deck, and feed and wash boxes are of 316 
stainless steel. Pulleys are rubber covered. Filter cloths are of wool or 
synthetic fiber. 

The above covers the design, where troughed belts are employed. The 
newest design of this filter reverts to the original idea of a flat belt with 
upstanding molded edges. This has several advantages, such as uniform 
cake thickness, ease of dam construction, and better tracking of the filter 
cloth. The biggest improvement is the provision of a square, rubber drive 
belt or band between the vacuum box cover and the carrier belt^^- 
This is driven by twin chains carrying cross pins piercing the belt. This 
takes the strain off the large, expensive carrier belt, the life of which, it is 
claimed, is thereby greatly increased. The replacement of the drive belt is 
simple and inexpensive. 

The life of the carrier belts is from 2 to 5 years and of the perforated 
belts, I to 2 years. Very few other important parts are subject to serious 
wear, corrosion, or replacement. 

Operating data were obtained from a plant (see Figure 7) using recircula- 
tion and producing 30 to 32 per cent P 2 O 6 acid. Capacity, maximum, 3 
tons of rock per square foot per day, average 1.5 to 2 tons. Cake moisture, 
25 to 30 per cent. Washing loss, 1 to 2 per cent. Filter cloth life, 1,000 hours. 
Feed, 65°C. Wash liquor returned to the reaction, 25 per cent P2O5. Re- 
circulated wash filtrate, 5 per cent P2O5. 
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Thirteen of these filters have been installed in phosphoric acid plants 
in the United States. There are a number of small installations abroad 
and a large new triple superphosphate plant in England put five, 5 meter 
units, into operation in 1951. 

The Oliver Horizontal Rotary Filter, developed in 1945, is a vacuum 
filter with the filtering surface revolving in a horizontal plane or on a 
vertical axis (see Figure 7). Gravity aids the flow of filtrate, which is down- 
ward at all times. By means of properly spaced weirs or spray pipes, various 
strengths of wash liquors can be applied and, by the use of a multiple-port 


Figuee 7. Oliver horizontal rotary filter used in the filtration of relatively strong 


phosphoric acid produced by the wet process. 


valve, various strengths of liquors can be drawn off separately for use in 
countercurrent washing. The main part of the filter is a circular shallow 
pan, supported on a ball-bearing turntable and revolved at from i to 1 rpm 
by a sprocket meshing with a roller chain mounted on the pan trunnion. 
The pan is divided by grooved radial division strips into twenty pie- 
shaped sections with sloping bottoms and with a port at the bottom of the 
apex of each section communicating with the valve. Renewable drainage 
grids support the filter cloth which is caulked into the grooves around the 
periphery of each section. 

A flexible dam is provided near the feed channel for confining the fepd 
pulp. Similar dams, if' necessary, are provided to confine the wash liquors. 
An air blowback is applied to the cloth at the point of feed in order to mix 
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the residual cake with the new feed. Adjustable weirs or wash pipes are 
provided for distributing the feed and wash solutions. These are carried on 
a frame which can be swung out of the way when work is to be done on the 
filter. Two methods of removing the cake are available: 

(1) If the cake is to be repulped and pumped to another stage or to 
waste, a radial scraper blade attached to a ramp removes the cake down to 
within about | inch of the filter cloth. The cake is pushed up the ramp by a 
paddle wheel into a radial trough from which the cake is flushed by 
water or repulping solution. 

(2) If the cake is to be discharged without repulping, a discharge scroll 
with a shroud is provided. The scroll removes the cake down to within 
about I inch of the filter cloth and discharges it over the outer rim of the 
filter pan into a hopper. 

These filters are built in the following sizes: 


Dia. of pan (ft) 

3 

4 

6 

10 

11.5 

13 

15 

Gross filter area (sq ft) . 

3 

10 

25 

65 

90 

120 

165 

Weight (lbs) 

6,000 

6,500 

11,500 

23,000 

26,000 

30,000 

35,000 


The pan is of steel, homogeneously lead-fined with extruded antimonial 
lead drainage grids, supporting ribs and caulking grooves. The filter valve, 
paddle wheel, scroll, wash troughs, weirs, and pipes are of 316 stainless 
steel. Cloth is a monofilament synthetic plastic. Drive consists of a constant 
speed motor with vari-pulley drive to a vertical shaft reducer. The 3 and 4 
foot units are built in stainless steel only and the larger units can be obtained 
in all stainless construction, instead of lead, if desired. 

Operating date were obtained from a plant not using the recirculation 
system of reacton control and producing a 22 to 25 per cent P 2 O 6 acid. 
Capacity, 1.4 to 2.0 tons of rock per sq ft of filter area. Moisture of the 
cake, 25 to 30 per cent. Wash water used, 1 part to 1 part of rock. Washing 
loss, 1 per cent. Filter cloth fife, 60 days. Feed temperature, 85°C. Wash 
liquors returned to the reaction, 17.5 per cent P 2 O 6 . Recirculated wash 
filtrate, 6 per cent P2O5. 

At least five installations of these filters, involving about twenty units, 
have been made in the last five years. The filter is well designed and manu- 
factured and has many features that make it especially attractive for 
phosphoric acid work. 

The latest type of horizontal filter to be developed for phosphoric acid 
service is the Tray Belt Filter developed by M. Giorgini, Manager of Dorr- 
Oliver Soc. a R. L. of Milan, Italy. It comprises a series of rectangular, 
shallow pans arranged in the form of a continuous belt. The pans overlap, 
and are supported at their ends on rollers riding on elliptical tracks and are 
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driven by chains passing over head and tail sprockets. The bottoms of the 
pans are ribbed to support a perforated plate or screen and the filter cloth 
is clamped between upper and lower portions of the pans. Running longitu- 
dinally is a narrow vacuum box with slotted cover and between the vacuum 
box and the pans is a rubber belt. The bottom of the pans is slotted and 
the rubber belt is provided with a series of holes to drain off the filtrate 
and apply vacuum to the pans. Operation and accessories are similar to the 
belt or band filter. The cake is blown, out of the pans or washed out when 
they are in the reverse position at the drive end of the filter. The pans are 
washed during the return travel to continuously remove scale and in- 
crustations. 

These filters have been built in sizes from 5 to 12 square meters (54 
to 130 sq ft). Five units have been installed in plants in Italy, Greece and 
Switzerland. Advantages of this design over the rubber belt type are elimi- 
nation of the expensive drive belt, more positive drive, no difficulty with 
filter cloth tracking and positive separation of washes without dams and 
wipers. A disadvantage is the larger number of moving parts. 

These horizontal filters represent a great advance over the older drum 
types, such as the Ohver and Dorrco. They permit the use of countercurrent 
washing on a single filter, thereby obviating the necessity of stage filtration, 
which, at best, involves complicated piping and accessory^equipment. The 
washing is more effective since the solids settle onto the filter surface and 
the filter cake can be kept flooded with wash solution, thereby avoiding 
cracking and uneven distribution as is almost unavoidable with sprays. 
The filter surface is readily accessible for maintenance, observation, and 
control of the operation. 

The belt filters have the added advantage that the filter cloth is con- 
tinually exposed and accessible for washing and thorough rinsing with water 
on the return cycle. The Oliver Horizontal must, from time to time, be 
taken out of service for scrubbing and washing the filter cloth. This detail 
is important when filtering the scaling and crystallizing solutions obtained 
with some phosphate rocks, especially when producing strong acid. With 
the belt filter, the number of parts which must be built in acid-resisting 
construction are at a minimum and they can easily be made of rubber or 
stainless steel. On the Oliver and the Tray Belt Filter the filter cloth sections 
can be replaced individually. 

A disadvantage of the Landskrona belt filter and an important advantage 
of the Oliver Horizontal and the Giorgini Tray Belt is the fact that the 
latter can be built in very much larger unit sizes. For structural reasons the 
rubber belt type is limited to a maximum size of approximately 54 square 
feet. This means that, in the case of large plants, a multiplicity of belt units 
is required, which can make the equipment cost appreciably higher as well 
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as increase the space requirements. In the case of smaller plants any dif- 
ference is not material. With either type of filter, except in the case of veiy 
small plants, a spare unit is always advisable. 

The belt filters are not suitable for stage filtration. If washing is not 
completed in the first stage, the cloth will be soaked with phosphoric acid, 
which will cool, and scale or harden, when exposed to the air on the return 
cycle and, if the cloth were washed, the P2O6 loss would be prohibitive. 

Several attempts have been made to develop improved forms of the 
horizontal filter principle. One company in Belgium has developed a hori- 
zontal disk filter, divided into a number of pie-shaped sections, which can 
be individually tilted to discharge the cake. A similar filter is available in 
the United States but has not been used on phosphoric acid. As compared 
with the Oliver and Giorgini this construction seems to involve unnecessary 
mechanical complications. 

Evaporation 

In the earlier plants, evaporation was by steam coils in lead-lined tanks. 
The acid was also passed down through towers into which hot gases were 
forced. Today a number of satisfactory evaporators are available. 

Nordengren has developed a hot air evaporator which is especially suit- 
able where by-product hot air is available, as, for instance, the cooling air 
from the rabble arms of hearth roasters^l It consists of a long trough with a 
distributor down the middle provided with nozzles for blowing the hot 
air into the acid. The apparatus is open and easy of access. The main 
problems have been rapid scaling and corrosion of the nozzles. It is not 
extensively used. 

Another type of evaporator which uses hot combustion gases is the 
Chemical Construction Company Drum Concentrator or more recently 
developed, Chenoiico High Temperature Acid Concentrator. This is an 
adaptation of a unit which was developed by this company for concen- 
trating waste sulfuric acid. The gases are produced in a separate combustion 
chamber using oil as a fuel. They are then forced through the acid and 
finally scrubbed in a Pease-Anthony Venturi Scrubber for removal of any 
acid mist. This evaporator is expensive, but it is efficient and can handle 
dirty acid containing considerable quantities of suspended solids. Three 
plants have been equipped with this type of evaporator in the United States 
and one plant in Europe uses a similar unit. 

The Eestner long tube evaporator has been used in France successfully. 
This is a steam-heated evaporator using long vertical lead tubes, which are 
arranged so that they can be renewed and cleaned easily. 

The most successful evaporator and the one of which there are the most 
installations, is the Swenson. This is a single effect vacuum evaporator 
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using low-pressure (10 ^ ) steam. The bodies are cast lead and rubber- 
covered steel. In the older designs the tubes were horizontal, were initially 
made of lead-covered copper or stainless steel but Karbate is now preferred. 
The newest type uses an outside heat body with vertical tubes and thermo- 
syphon circulation. Vacuum is produced by a two-stage steam ejector. 
Tube sheet are stainless steel or lead covered. The evaporator should be 
provided with a vapor trap to remove acid spray and a barometric con- 
denser. Vapor piping is rubber-lined steel. The most serious problem in the 
evaporation of phosphoric acid is the tendency of the dissolved impurities, 
principally calcium sulfate and sodium and potassium fluosolicates, to 
precipitate on the inside of the body and especially on the tubes. For many 
years this made the use of indirect heat or vacuum evaporators relatively 
unattractive. The use of the Weber Recirculation System (40) has mini- 
mized or almost eliminated most of the trouble from this source. This 
process, in brief, consists of concentrating to a slightly higher concentration 
than is desired and mixing this concentrated acid with dilute feed acid. 
This results in a precipitation of impurities since the soluble impurities 
are less soluble in concentrated acid. The precipitated solids are removed 
in a small thickener and the clarified acid is recycled to the evaporators. 
The circulation rate is so controlled that the acid is only concentrated 
through a small range at each pass. With this degree of concentration, the 
acid supersaturates but does, not precipitate spontaneously and, therefore, 
deposition on the tubes is largely avoided. The small amount of scale which 
forms can be dissolved by boiling out eveiy week or ten days with water or 
soda solution. The excellent circulation obtained in the evaporator also 
makes the ebullition smoother and there is less scaling of the vapor lines 
with silica and fluosilicates; it also improves the heat transfer and capacity 
of the evaporator. This method of operation was first tried at Trail, B, C. 

Recently one large plant installed submerged combustion units using 
natural gas. The fuel consumption efficiency is excellent. It requires about 
1,300 Btu to evaporate one pound of water. The units are simple, although 
they require a considerable amount of control equipment. The principal 
problems have been with corrosion of the burner, the design of the burner 
supports, and the production of a white fume in the exhaust gases which 
cannot be removed by inexpensive methods. This submerged combustion 
has such obvious advantages where high Btu natural gas is available that 
these difficulties will undoubtedly be overcome. 

Materials OF Construction 

The experiences, mostly negative, with materials suitable for resisting* 
the corrosive attack of wet process phosphoric acid have been quite a saga. 
The choice, even today, is veiy limited, and there are several fairly com- 
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plete discussions in the literature^* The suitable materials are limited 
to certain stainless steels, rubber, lead (when properly protected), carbon 
or karbate, and acid-resisting bricks or cements. Wood can be used for 
weak acids and under certain conditions. Piping is usually of lead, lead- 
lined steel, rubber or rubber-lined steel. Except for the question of price, 
stainless steel might also be considered. Valves are of rubber, lead, or 
stainless steel. It is the author’s experience that laboratory tests and ex- 
periences with pure or electric furnace acid are absolutely worthless as 
criteria in selecting materials suitable for a wet process plant. 

Plant Arrangement and Design 

A modern phosphoric acid plant is a far ciy from the dirty, wet and 
dripping, dingy, typical heavy chemical plant of not so many years ago. 

Foremost is the question of ventilation. The liquors are hot and give 
off noxious gases which are dangerous to workmen in certain concentrations 
and objectionable even when greatly diluted. The solutions are hot and 
steamy and, in certain localities and at certain times of the year, condensa- 
tion in and on the building can be very messy. Good practice therefore, 
dictates closed equipment and covered tanks and launders, etc., throughout. 
Whereas such an arrangement makes observation of the operations more 
difficult, this can be taken care of by proper provision of manholes, remov- 
able sections of covers, sampling openings, and liberal instrumentation. 
The ideal arrangement is to maintain all the equipment under a slightly 
negative pressure by means of a central fume collecting and disposal sys- 
tem. In addition, the building should be well ventilated and plenty of 
openings provided in the floors, etc., so that when equipment is opened up 
for observation or maintenance, the fumes can readily escape and not 
reach dangerous concentrations. 

The next consideration is cleanliness. To start with, all sources of dust 
should be eliminated. This means special care in handling the finely ground 
phosphate rock and covering and ventilating all conveyors, feeders, bins, 
etc. Concrete floors are the most satisfactory and, in a well designed plant, 
spills and acid drips should be so infrequent that acid-proofing the floor 
is unnecessary and unjustified. Where acid drip is unavoidable, as around 
the glands of certain types of pumps, and where samples are taken, etc., 
drip pans can be provided. As in all wet process plants, curbed and drained 
concrete floors should be provided wherever a spill is a possibility. Fre- 
quent hose outlets should be provided as it is desirable to wash the equip- 
ment and floors frequently. Where floors are not subject to spill they may be 
of subway grating. Wood floors or checker steel plate are not advisable 
because of difficulty in keeping them clean. 

A plant can be made very much more attractive and the operators given 
an incentive for maintaining cleanliness by a judicious system of painting 
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and color combinations. For surfaces which cannot be readily or frequently 
cleaned, such as building steel, tanks, bins, etc., a color should be chosen 
which is as near to the color of the prevailing dust (probably the ground 
rock) as possible. Machinery which it is feasible and desirable to have the 
operators clean frequently should be painted some pleasing color, and 
motors, electrical conduits, guards, valve handles, controls, etc., should 
be painted fairly bright colors. A system of colors or color banding for 
pipelines should be established and rigidly adhered to. This is of con- 
siderable convenience to operation and maintenance and adds to the general 
effect of a well chosen color system. 

The primary object of the entire plant arrangement should, of course, 
be maximum ease and accessibility for operation and especially operating 
control. The several stations should preferably radiate from a central hub 
or control point. It is possible in a wet process phosphoric acid plant to 
arrange the equipment so that practically all operation is from one upper 
floor and all of the controls, including feeders, instrument board, electrical 
starters, etc., can be brought together at one place. All pumps should be 
gathered together on one floor. A small foreman’s oflice should be provided 
accessible to the control center. It is usual to provide a small laboratory 
in the phosphoric acid building for routine and control analyses. 

Buildings are usually steel or concrete frame with concrete main and 
intermediate floors and R.P.M., transite, or brick exteriors with built up 
laminated wood or corrugated transite or R.P.M. roofing. Wood construc- 
tion is not very satisfactory for a phosphoric acid plant. 

Considerable instrumentation is desirable and is conducive to more 
efficient operation and reduction in labor requirements. Instruments should 
all be grouped on a central control board. The selection of instruments is 
not simple because of the special nature of the solutions encountered, 
especially the corrosion and scaling propensities of the solutions and slurries. 

In at least two plants, an elaborate system for electrically interlocking 
the feeders and pumps has been worked out which makes the operation 
relatively foolproof . 

There are probably few chemical plants where negative experiences are 
more valuable to the designer than is the case in the choice and arrange- 
ment of equipment in a wet process phosphoric acid plant. The engineering 
of this type of plant has undergone enormous development and it is an 
extremely specialized technique or art. Careful design will obviate many 
difficulties in operation. 

Costs 

The basic determining factor in the cost of phosphoric acid by the wet 
process is the value of the two raw materials, phosphate rock and sulfuric 
acid or sulfur. In certain large operations, these account for 60 to 75 per 
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cent of the total production cost including fixed charges. Therefore, plant 
location is extremely important. Except in the case of very small plants 
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or unusual conditions as to markets it is advisable to build a sulfuric acid 
unit as part of the phosphoric acid operation. The steam required for 
evaporation can be obtained from the waste heat boilers in a contact sul- 
furic acid unit. Purchased acid is expensive and freight rates on sulfuric 
acid are high. It is, of course, often possible and highly desirable to base a 
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phosphoric acid operation on low-cost sulfuric acid obtained as a by-product 
of smelter operations. In this case, it may be desirable to haul the rock to 
or near the source of acid. 

Because the raw material cost is such a large item, extraction and re- 
covery efficiencies are important. Modern process developments have re- 
duced the chemical loss to an exceedingly small figure. Efficient design 
and a well-organized operation are even more important in reducing hidden 
and unknown losses and those that can result from lost time and reduced 
tonnage operations. A wet process phosphoric acid plant should be operated 
24 hours per day and 7 days per week. A production corresponding to 

Table 1. Production Costs— 32% PgOfi Phosphoric Acid 

Includes: Cost of unloading and grinding phosphate rock. 

Does not include: Cost of phosphate rock or sulfuric acid. 

Annual expenditures: Hundreds of tJ. S. Dollars. 


PLANT SIZE-TONS OP KOCK PEE DAY 



20 

40 

60 

100 

200 

300 

Labor (at $1 .50/hr) and super- 







vision 

574 

718 

861 

1005 

1148 

1293* 

Power (at $0.01 2/kwh) 

49 

103 

149 

280 

440 

600 

Steam, water and supplies .... 

21 

45 

75 

130 

253 

' '377 

Maintenance— 6% of plant 







cost 

186 

270 

336 

438 

630 

780 

Indirect costs and depreciation 







-13% 

403 

585 

728 

949 

1365 

1690 

Total annual costs 

1233 

1721 

2149 

2802 

3836 

4740 

Annual production — tons of 







PzOs 

1560 

3750 

6030 

10135 

20265 

: 30400 

Production cost per ton of P 2 O 6 

$79.00 

$45.90 

$35.60 

$27.70 

$19.00 

$15.60 


capacity operation for from 330 to 350 days per year can be achieved in a 
well-designed and operated plant. 

The extraction of P 2 O 6 from the rock should average 97 to 97.5 per cent 
and losses of dissolved P 2 O 6 in the gypsum can be kept under 1 to 2 per 
cent. There is always, and apparently unavoidably, a discrepancy between 
the accountable losses in the gypsum and the inventory recovery, which 
may run into unbelievable figures, especially during the initial operation; 
but with stable, intelligent operation it can be kept below one per cent 
and should not exceed 0.5 per cent. The over-all recovery, therefore, from 
rock to 32 per cent acid should run from 94 to 96 per cent. One very large 
plant recently reported 95.4 per cent recovery and 32.7 per cent P 2 O 6 
produced acid averages for an entire year. Losses during evaporation can 
be kept imder 0.5 per cent. 
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With the trend toward very high labor costs, this item has become sig- 
nificaiit in spite of the fact that the well-arranged phosphoric acid plant 
is a continuous and well-nigh automatic operation and can be run with 
very few operators. A complicating feature is the corrosive, sealing, and 


Table 2. Opehating Phosphoric Acid Plants In America 


COMPANY 

LOCATION 

PROCESS 

Oldbury Electro-Chemical Co. 

Niagara Falls, N. Y. 

Electric 

Anaconda Copper Mining Co. 

Anaconda, Mont. 

Wet 

Virginia-Carolina Chemical Co. 

Charleston, S. C. 

Wet 

Virginia-Carolina Chemical Co. 

Nichols, Fla. 

Electric 

International Mineral & Chemical Corp. 

Wales, Tenn. 

Wet 

International Mineral & Chemical Corp. 

Mulberry, Fla. 

Wet 

Blockson Chemical Co. 

Joliet, 111. 

Wet 

Tennessee Copper — U.S. Phosphoric Prod- 

Tampa, Fla. 

Wet 

ucts Corp. 



Dupont-Grasselli Chemical Division ■ 

Grasselli, N. J. 

Wet 

Dupont -Grasselli Chemical Division 

E. Chicago, Ind. 

Wet 

General Chemical Co. 

Marcus Hook, Pa. 

Wet 

Tennessee Valley Authority 

Wilson Dam, Ala. 

Electric 

Monsanto Chemical Co. 

Columbia, Tenn. 

Electric 

Monsanto Chemical Co. 

Soda Springs, Idaho 

Electric* 

Cons. Mining & Smelting Co. of Canada 

Trail, B. C., Canada 

Wet 

Victor Chemical Works 

Mt. Pleasant, Tenn. 

Electric 

Victor Chemical Works 

Silver Bow, Mont. 

Electric 

American Agricultural Chemical 

South Amboy, N. J. 

Electric 

Mathieson Chemical Co. (formerly South- 

Houston, Texas 

Wet 

ern Acid & Sulphur Co.) 



Victor Chemical Works 

Tarpon Springs, Fla. 

Electric 

Armour Fertilizer Works 

Florida 

Wet 

Armour Fertilizer Works 

Columbia, Tenn. 

Wet 

Swift and Company 

Florida 

Wet 

Westvaco Chemical Division of Food Ma- 

Pocatello, Idaho 

Electric 

chinery & Chemical Corp. 



Gulf Chemical Co. 

Houston, Tex. 

Wet 

Texas City Chemical Co. 

Houston, Tex. 

Wet 

Gates Brothers 

Wendell, Idaho 

Wet 


* Not yet in operation. 


abrasive characteristics of the solutions, which necessitate frequent and 
messy descaling and cleaning operations. Careful design can and has greatly 
reduced this onerous work, but it may always be a necessary evil of wet 
acid production. Present labor costs are such that one of the primary 
objects of phosphoric acid plant design must be to keep operation costs 
and costs for repair worjk to a minimum. 

The other important cost factors are maintenance and depreciation, 
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which have assumed even greater significance with the astronomical rise 
in construction costs of the last few years. 

Labor, maintenance, and depreciation charges are all heavily influenced 
by the size of plant. This can be readily seen from a study of Table 1 and 

Table 3. Phosphoric Acid Plants in Europe and Asia 


(Not complete) 


COMPANY 

LOCATION 

PROCESS 

L G. Farbenindustrie 

Ludwigshafen, Germany 

Wet 

LG. Farbenindustrie 

Piesteritz, Germany 

Electric 

Chemische Fabrik Budenheim 

Mainz, Germany 

Wet 

Chemische Werk Albert 

Amoneburg, Germany 

Wet 

Imperial Chemical Industries 

Biliingham, England 

Wet 

Albright and Wilson 

Birmingham, England 

Electric 

Fisons, Ltd. 

Immingham, England 

Wet 

West Norfolk Farmers Union i 

East Lynn, England 

Wet 

Establissement Kuhlman 

Rieme, Belgium 

Wet 

Produits Chimiques de Tessenderlou 

Quaedmechelen, Belgium 

Wet 

Metallurgique de Prayon 

Engis, Belgium 

Wet 

Union Chimique Beige 

Burght, Belgium 

Wet 

S. A. de Pont-Brule 

Pont-Brule, Belgium 

Wet 

Nederlandsche Kunstmeestfabriek 

Vlaardingen, Flolland 

1 Wet 

Albatros Superfosfaatfabriek N. V, 

Pernis, Holland 

Wet 

Sas V. Gent 

Rotterdam, Holland 

Wet 

Establissement Kuhlman 

La Madeleine, France 

Wet 

Societe St. Gobain 

Rouen, France \ 

Wet 

Forenade Superfosfatfabriker 

Landskrona, Sweden 

Wet 

Reymersholm Gamla Industrie 

Reymersholm, Sweden 

Wet 

Silesia Verein Chemicher Fabriken 

Saarau, Silesia, Poland 

Wet 

Montecatini 

Cotrone, Italy 

Wet 

Montecatini 

; Milan, Italy 

Wet 

Societe Hellenique de Products et Engrais 

' Athens, Greece 

Wet 

Chimiques 



Uniao Fabril 

Lisbon, Portugal 

Wet 

Nippon Chisso K. K. 

Kanko, Korea 

Wet 

Sumitomo Fertilizer 

Niihama, Shikoku, Japan 

Wet 

Applicazione Processi Elettrochimici 

Vado Ligure, Italy 

Wet 


Figure 9. The economies in large-scale operation are obvious. A capacity 
under 60 or 70 tons of rock per day is not economical except under very 
special circumstances. This is also apparent in the investment required, 
Figure 8. Actually, when the necessity of earning a return on the invest- 
ment in accessory facilities, including the sulfuric acid plant, are also 
taken into account, it is rarely wise to consider a plant size below 150 
tons of rock per day. The most economical capacity seems to be around 
300 to 350 tons. For larger capacities it becomes necessary to unitize so 
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much of the equipment that further economies in first cost and operation 
are small. It is apparent from Figures 8 and 9 that the curves are becoming 
very flat. 

Waggaman and BelP^ have discussed the factors affecting plant location 
and the relative economics of the wet process versus the thermic processes 
for producing phosphoric acid. Only where power is unusually cheap and 
sulfur expensive will the electric furnace process produce cheaper acid for 
fertilizer purposes. Where sulfuric acid is available from a smelting opera- 
tion the wet process should invariably be cheaper. 

Tables 2 and 3 list some of the wet and electric furnace installations in 
this country and abroad. 
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13. Comparison of Sulfuric Acid and 
Thermal Reduction Processes for 
Manufacturing Phosphoric Acid 

Wm. H. Waggaman 

Senior Mineral Technologist^ Bureau of Mines, XJ, S, Dept, of Interior 

The wet process and the two modifications of the thermal decomposition 
method for producing phosphoric acid not only vary with respect to the 
character of the raw materials and sources of energy required, but the 
types of equipment used and operating details are entirely different. There- 
fore, in comparing the economies of these methods five basic factors are 
involved: 

(1) Cost of mining and preparing the phosphate rock for subsequent 
treatment. 

(2) Cost of assembling the raw materials and reagents (energy) required 
at the most convenient points for the manufacture of finished 
products. 

(3) Capital cost of processing plants of equivalent capacity. 

(4) Detailed cost of the various manufacturing steps. 

(5) Cost of distributing the finished products to established consuming 
centers. 

Inasmuch as phosphoric acid (from which nearly all commercial phos- 
phates are derived) is produced by these three methods, it would appear 
that the choice depends largely on the relative costs of manufacturing 
this acid by these processes. In the thermal reduction methods, however, 
phosphorus is obtained as an intermediate product and this element has 
a concentration (in terms of P 2 O 6 ) three times greater than strong phos- 
phoric acid. 

Therefore the cost of shipping elemental phosphorus per unit of saleable 
product is less than that of any other phosphorus-bearing material with 
the exception of |)otassium metaphosphate. The possible economic advan- 
tage of transporting elemental phosphorus to consuming centers where it 
can be converted into phosphoric acid and its derivatives must be taken 
into consideration. A detailed discussion of the relative advantage of ship- 
ping elemental phosphorus and various phosphate products to consuming 
centers is given by Bell and Waggaman^. 
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The relative proportions of phosphorus contained in the various products 
derived from phosphate rock when loaded into freight cars are shown 
in Figure 1. 

The cost figures in this chapter have been assembled from various 
sources. Whereas, they apply specifically to conditions that are attainable 
in the phosphate regions of the western states where, potential sources of 
electric power, fuel and sulfuric acid exist for processing the phosphate 



Figtjee 1. Eelative proportions of phosphorus contained in freight cars loaded to 
capacity with elemental phosphorus and several of its important derivatives. 


rock, nevertheless by use of the tabulated figures and charts which follow, 
anyone interested in the establishment of a phosphoric acid plant should 
be able to determine what process is best suited to the conditions prevailing 
at the time and place such an enterprise is contemplated. 

Cost of Prepaeation* of Phosphate Rock for Subsequent 
Treatment 

Although the potential reserves of phosphate rock suitable for treatment 
by either the sulfuric acid or thermal reduction method are ample to sup- 
port an immense phosphate industry for many years, certain off-grade or 
marginal deposits will require benefiiciation in order to utilize these deposits 
to the best possible advantage. 
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Concentration by washing and screening, as well as through the medium 
of classifiers and flotation, has been highly successful in the Florida phos- 
phate fields®' 6. 7. 8, 10, 11 jias j^een used to a less extent in Tennes- 
see^' ®' but many of the,, lower grade phosphate strata in the western 
states consist of close-grained shaley and calcareous phosphates that do 
not lend themselves readily to concentration by either gravity or flotation 
processes. 

Beneficiation of western phosphates has been studied by Newton and 
Finkelnberg^, of the University of Idaho, and investigations are being 
conducted at the Salt Lake City, Utah, and the Albany, Oregon, labora- 
tories of the Bureau of Mines, based on standard and modified ore-dressing 
methods. 

Beneficiation 

The main objective in beneficiating phosphate rock is to reduce the 
percentage of impurities, which either act as diluents or actually consume 
substantial proportions of the reagents or energy required in converting 
the rock into finished products. 

Where phosphoric acid is manufactured by the sulfuric acid or wet 
method, the presence of substantial amounts of silica in the phosphate 
rock does not necessitate the use of a greater proportion of acid, but it 
does entail the handling of larger quantities of raw material and the con- 
sumption of additional time, power, and labor in pumping, filtering, and 
washing the insoluble residues. Moreover, the concentrated superphosphate 
obtained by treating highly siliceous phosphates with phosphoric acid con- 
tains considerably less phosphorus pentoxide than that manufactured by ; 
the acidulation of high-grade rock, resulting in higher transportation costs 
per unit of plant food in the final product. 

The use of high calcareous phosphates in the manufacture of phosphoric 
acid and triple superphosphate by the wet method is even more objection- 
able. Fully as much sulfuric acid is consumed in converting calcium 
carbonate into sulfate as is required to convert an equal weight of calcium 
phosphate into phosphoric acid. Therefore, the quantity of sulfuric acid 
normally used must be substantially increased to take care of this impurity. 

In the thermal reduction method, in which the lime combined with 
phosphoric acid must be converted into calcium silicate and fluxed off as 
molten slag, a substantial quantity of silica is essential. This means that 
if high-grade phosphate rock is used silica must be added to obtain a 
blend suitable for furnace treatment. The ratio of silica to lime (SiOgiCaO) 
in such a charge should not be less than 1:1 and may be higher. 

Since any bases in excess of those combined with the phosphoric acid 
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must also be converted into slag, the presence of calcium and magnesium 
carbonates entails the addition of further quantities of silica, thus diluting 
the furnace charge and increasing the amount of power or fuel required 
per unit of phosphorus or phosphoric acid produced. 

Obviously, therefore, in beneficiating highly calcareous phosphate rock 
for treatment by either the sulfuric acid or thermal method, little is gained 
in so far as consumption of reagents or power is concerned unless the per- 
centage of carbonates of lime and magnesia is reduced materially. 

Until methods of beneficiating the marginal types of phosphate rock 
are more fully worked out, phosphate strata adaptable to treatment by 
these two methods without the necessity of upgrading are being employed, 
and such deposits are the only ones considered here. 

Rock for Wet Process 

The five steps involved in preparing phosphate rock for treatment by 
the sulfuric acid method are mining, handling and storing, crushing, cal- 
cining, and grinding. The rock used in this process should be relatively 
high grade, seldom containing less than 32 per cent PaO's and preferably 
more. This means a selection of strata that represents a small proportion 
of the phosphate formation. Although mining costs vary considerably, de- 
pending on the depth of the deposit, the type of adjacent strata, and 
whether underground or strip mining is practicable^* the over-all cost 
of underground mining high-grade rock under reasonably favorable con- 
ditions is estimated at |4.50 per ton. In the case of strip mining this figure 
might readily be as low as $2.00 per ton. 

The second step (handling and storing) is a significant item of cost in 
surface or strip mining of western phosphate rock where weather conditions 
permit such mining only from 7 to 9 months during the year. Under such 
conditions, stockpiling and rehandling of rock are necessary to keep the 
processing plants in continuous operation. The over-all cost of this item 
is estimated at 25 cents per ton. 

In the third step, the rock is crushed to a convenient size for subsequent 
grinding. The average cost of crushing is estimated at 20 cents per ton. 

The fourth step is calcining the crushed rock to eliminate moisture and 
oxidize the organic matter, which causes some mechanical difficulties in 
the subsequent acidulation of the rock. This is usually done in a multiple- 
hearth furnace. The over-all cost of this step under present conditions is 
estimated at $1.00 per ton. Where the rock contains very little organic 
matter, this step may not be necessary. 

In the fifth step, the calcined rock is finely ground (99 per cent through 
a lOO-mesh screen) to insure prompt and complete reaction between the 
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rock and sulfuric acid. The average over-all cost of grinding, including 
power, labor, and maintenance, is estimated at 40 cents per ton. This gives 
a total preparation cost of $6.35 per ton, exclusive of shipping charges. 

Rock for Thermal Processes 

The preparation of phosphate rock for the manufacture of phosphoric 
acid by thermal reduction methods involves at least three steps and in 
many cases a fourth, namely, mining, handing and storing, crushing and 
sintering or nodulizing. 

Since the number and thickness of phosphate strata (such as siliceous 
phosphatic shales) adaptable to treatment by this method are far greater 
than those of high-grade rock, the cost of mining should be appreciably 
lower. Here, again, mining costs are influenced by the character of the 
deposits. Where strip mining is feasible, production costs are greatly re- 
duced because of the large volume of rock that- can be handled without 
the necessity of tunneling and timbering. Under most favorable conditions 
a cost of $1.00 per ton is possible, but as an over-all average the cost of 
mining the lower grade rock is estimated at $3.00 per ton, or about two- 
thirds that of high-grade rock. On the other hand, the phosphorus pent- 
oxide content of furnace rock is only about 25 per cent, as against 33 per 
cent for high-grade phosphate. On this basis the average cost of mining 
the unit of phosphorus pent oxide is only slightly less for the lower grade 
material. 

The second step, or unloading and crushing of the lower grade rock, 
should be approximately the same as that of high grade rock, namely, 
20 cents per ton. 

The fourth step, sintering or nodulizing may be unnecessary where phos- 
phatic shales of the proper composition are available in lump form. Many 
of these phosphatic shales, however, are soft or friable and tend to disinte- 
grate on mining. Moreover, a certain amount of blending of several strata 
may be required to obtain a properly proportioned furnace charge. Under 
such conditions the sintering or nodulizing of a large part of the material 
is required; the over-all cost of this is not less than $2.00 per ton, which 
may more than offset the saving effected in mining the lower grade phos- 
phates. ■ , , 

Table 1 gives the estimated capital investment in storage and processing 
facilities and the relative costs of mining and preparing the rock for treat- 
ment by these two methods, per ton of material, as well as in terms of 
phosphorus pentoxide. Although the estimated total cost of the sintered 
or nodulized phosphate charge ready for furnacing is $0.90 less per ton 
than of rock for acid treatment, the cost of phosphorus pentoxide per ton 
in the former is $2.38 per ton higher. 

Figure 2 shows, in diagrammatic form, various total costs of phosphorus 
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Table 1. Estimated Cost op Preparing Phosphate Rock for Treatment by 
Sulfuric Acid AND Thermal Reduction Methods 


(Capital investment — storage and processing equipment — $650,000) 



Rock for Sulfuric Acid TreatmentI 
(33% PsOt) 

1 Rock for Thermal Reduction 

1 Method ,{11% P or 25.2% PsOs) 

Cost per ton of 
rock 

Cost per ton of 
PsOfi 

Cost per ton of 
rock ' 1 

Cost pier ton of 
PsOi,. 

Mining, over-all cost 

$4.50 

$13.64 

$3 .(K) 

$11.90 

Processing costs 





Handling and storing 

O.IC 

0.49 

0.16 

0.63 

Crushing 

0.13 

0.39 

0.13 

0.,51' 

Grinding 

0.26 

0.79 



Calcining 

0.65 

1.97 



Nodulizing or sintering 



1.51 

6.00 

Depreciation (over-all), 7.5% 

0.47 

1.42 

0.47 

1.87 

Insurance and taxes, 3.0%. . . 

0.18 

0.55 

0.18 

0.72 

Total processing cost .... 

$1.85 

1 

$ 5.61 1 

$2.45 

$ 9.73 

Grand total 

$6.35 

$19.25 

$5.45 

$21.63 



I Mining Cost (p«r ton of rock dolloi-*} 

i Figure 2. Comparative costs of PaOs in high-grade phosphate rock ready for acid 

[' treatment and in low grade rock ready for smelting in the electric or blast furnace. 
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pentoxide in high-grade phosphate rock (33 per cent P 2 O 6 ) ready for treat- 
ment with sulfuric acid, as well as the costs of phosphorus pentoxide in 
low-grade sintered or nodulized rock (25.2 per cent P2O5) prepared for the 
electric or blast furnace. In order to have equivalent costs per unit of phos- 
phorus pentoxide in the two types of rock, it is evident that furnace-grade 
phosphate must be mined much more cheaply than that which is acidu- 
lated. As a specific example, where the cost of mining high-grade phos- 
phate is $4.50 per ton, low-grade rock must be mined for less than $2.50 
to give the same cost per ton of phosphorus pentoxide. 

Reagents and Energy Required, 

The relative costs of. reagents and energy required in converting phos- 
phate rock into phosphoric acid is a major factor in selecting the process 
for any particular locality. 

In treating high-grade rock by the wet process to recover a ton of phos- 
phorus pentoxide in the form of crude phosphoric acid, 2.57 tons of sulfuric 
acid (basis 100 per cent H2SO4) are required. The price of sulfuric acid 
varies widely, depending on its source and the distance it must be trans- 
ported to points of consumption. Since smelter acid is a by-product, manu- 
facturing charges depend largely on how the costs of preparing and treat- 
ing metalliferous concentrates are distributed between the smelter and the 
acid plant. 

In the electric-furnace modification of the thermal reduction method the 
main reagent (the one showing the widest variation in price) is electric 
energy. The power required to decompose furnace-grade phosphate rock 
for the recovery of one short ton of phosphorus pentoxide in the form of 
elemental phosphorus amounts to 5760 kw-hours, and the cost in the west- 
ern area may range from 2 to 4.5 mills per kw-hour, depending on its 
source*. Two additional reagents (coke and carbon electrodes) are also 
required; the cost of these must be added to that of the power consumed. 
The quantity of coke for reducing purposes is approximately 0.61 ton, 
and the electrode consumption amounts to 16.4 pounds per ton of phos- 
phorus pentoxide produced in the form of elemental phosphorus. 

In the blast-furnace modification of the thermal reduction method, coke 
for both fuel and reducing purposes is the main reagent. The amount re- 
quired per ton of phosphorus pentoxide produced is about 2.36 tons, and 
the delivered cost varies considerably depending on the distance it must 
be shipped. 

Table 2 compares energy costs for phosphoric acid by alternate proc- 
esses. In column 1 of Table 2 various energy costs per ton of phosphorus 
pentoxide in the form of phosphorus and phosphoric acid are assumed, 

* In Florida the cost of power is considerably higher. 
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and in columns 2, 3, and 4, prices are given at which sulfuric acid (per 
ton), fuel coke (per ton), and electric power (per kw-hour) must bo ob- 
tained to yield the amount of energy required at e(|ui\*alent cost. As a 
specific example, energy costing $20.56 per ton of phosphorus pentoxide 



Figure 3. Equivalent costs of energy and reagents required in the manufaelure 
of phosphoric acid (P 2 O a) by alternate methods. 


Tabue 2. Comparison op Energy Costs for Phosphoric Acid (PaOs) Production 
BY Alternate Methods 


Assumed Energy Costs, I 
Ton PaOs as H 3 PO 4 or 
Elemental P 

1 

Equivalent Cost of Energy Employed for Producing PjOs from Phosphate Rock 

Wet Process* (Product « j 
HaPO*) 

Blast-Furnace Process'^ 
(Product = Elemental P) 

Electric-Furnace Prm;css“ 
(Product == Elemental Pj 

Dollars/ton 

Sulfuric acid (100%), 
dollars/ton 

Coke (85% C), 
dollars/ton 

Electric power, 
mils/kw -hr 

$5.14 

$2.00 

$2.18 


7.71 

3.00 

3.27 

0.40 

10.28 

4.00 

4.36 

, 0.84 

12.85 

5.00 

5.46 


15.42 

6.00 

6.54 

. 1.73 : 

17.99 

7.00 

7,63 

' 2.18, ' 

20.56 

8.00 

8.72 

2,61 ■ 

23.13 

9.00 

9.80 

3.07 

25.70 

10.00 

10.92 

■' ■3..52..'.'' 


Basis, sulfuric acid (100%) “ 2.57 short tons. 

Basis, coke (85% C) == 2.36 short tons. 

“ Basis, electric power =» 5760 kw-hr; coke at $6.50 — 0.61 short ton; and elec- 
trodes at $0.09 per pound == 16,4 pounds. 
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can be delivered by sulfuric acid at $8.00 per ton, by coke at $8.72 per 
ton, or by electric power at 2.61 mills per kw-hour. The figures showing 
the equivalent cost of electric power are not strictly correct, since a con- 
stant price for coke breeze ($6.50 per ton) is assumed throughout. Any 
increase or decrease in the cost of this breeze will alter slightly the price 
that the manufacturer can afford to pay for electric power. 

Figure 3 which gives this same data in diagrammatic form, enables one 
to estimate the relative economies of the reagents required by the various 
processes for any given locality. 

Selection of Plant Site 

Because the cost of the reagents and sources of energy required by these 
methods depend largely on where the phosphoric acid is manufactured, 
the site of the plant is a matter of great importance. Moreover, a plant 
site well adapted for one method may be entirely unsuitable for another. 

In the wet process the cost of shipping the sulfuric acid required is 
considerably greater than that of transporting high-grade phosphate rock, 
and unless pyrites or sulfur can be delivered at a price permitting the 
economic production of sulfuric acid at the phosphate mines, construction 
of the phosphoric acid plant near the potential sources of cheap sulfuric 
acid is the logical course. 

An electric-furnace plant, on the other hand, should be located close to 
the source of phosphate rock, since the cost of shipping this raw material, 
particularly the lower grades adapted to furnace treatment, is much greater 
than the cost of transmitting the electric power required an equal distance. 

The same conditions apply to the blast-furnace modification of the 
thermal reduction method, since the quantity of coke employed is only 
half as great as that of the phosphate material required. 

The following economic analysis is based on the assumption that a 
wet-process plant having an annual capacity of 33,000 tons of phosphorus 
pentoxide (53,400 tons of 85 per cent H 3 PO 4 ) is situated at Salt Lake 
City, Utah, close to a source of smelter acid and that the thermal reduction 
plants (electric and blast furnaces) of equal capacity are situated at or 
near the phosphate deposits in southeastern Idaho^®. 

Capital Investments 

Because of the great advance and continual change in the cost of labor, 
structural materials, and equipment, the capital investment required and 
operating costs of a new plant are difficult to determine. Some of the 
figures given in the tabulated data, therefore, are necessarily estimated 
though based on known or published data; liberal factors have been applied 
to take care of the advance in prices. 
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In general, however, the capital investments involved and labor costs 
have been increased 150 per cent over those prevailing prior to the war, 
and though the figures admittedly are not strictly accurate they should 
not greatly affect the comparison of the two methods of producing phos- 
phoric acid since fluctuations in prices affecting one method also apply to 
the other. 

Manufacturing Costs 

Sulfuric Acid Method 

In estimating the cost of producing phosphoric acid by this method, the 
leading consultant and designer in this field was approached as to the 
present cost of a plant capable of producing 33,000 tons of phosphorus 
pentoxide in the form of concentrated acid (85 per cent H 3 PO 4 ). Production 
of acid of this concentration involves the evaporation of large quantities 
of water; this is neither necessary nor desirable where triple superphos- 
phate is the final product. Figures on labor, maintenance, and depreciation 
were also furnished, based on actual operation, and these have been modi- 
fied to some extent to conform to the increase in the price of certain items^^. 

The capital investment required for a plant of this size under present 
conditions is estimated at $1,810,000, exclusive of crushing and grinding 
facilities, or about 46 per cent that of an electric furnace phosphoric acid 
plant and about 30 per cent of the cost of a blast furnace phosphoric acid 
plant of equal capacities. 

The labor required to operate a wet-process plant is considerably less 
than for either the electric- or blast-furnace method and the recovery of 
phosphorus pentoxide in the form of crude phosphoric acid is appreciably 
higher. Only one reagent (sulfuric acid) is required for the decomposition 
of the rock, and no temperatures higher than those furnished by steam 
are involved. If the phosphoric acid plant is built adjacent to a contact 
sulfuric acid unit, the steam obtained as a by-product in the latter is 
adequate for the evaporation of the phosphoric acid. 

The cost of sulfuric acid obtained as a by-product in the smelting of 
metalliferous ores has been variously estimated at from $3.00 to $8.00 per 
ton. In the present estimate a price of $6.50 is assumed as conservative 
for a long-range program where the acid employed is largely a by-product. 

The estimated cost of manufacturing phosphoric acid based on a plant 
erected near Salt Lake City, Utah, and employing by-product sulfuric 
acid, is given in Table 3. No equipment or costs for purifying this crude 
acid, however, are included in this estimate, and no credits are assumed 
for possible by-products, such as vanadium and fluorine compounds. 

It should be emphasized that purification of the phosphoric acid pro- 
duced by the wet process is both tedious and costly. Such acid contains 
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iron, aluminum, fluorine, lead, and arsenic, all of which must be removed 
to render the product suitable for food and most chemical uses. Partial 

Table 3. Estimated Cost of Producing P2O5 as Phosphoric Acid ( 85 % H3PO4) 
BY Sulfuric Acid Process (Dorr Strong Acid System) 

Capital investment 
Real estate $ 10,000 

Buildings 500,000 
Equipment 1,300,000 


Total $1,810,000 



Unit Cost 

Per Ton o 

P 2 O 6 

if Product®' 

H 3 PO 4 (85%) 

% of 

Total Cost 

Quantity 

Cost 

Quantity 

Cost 

Raw materials 







Phosphate rock (33% PaOs), 







short ton 

$7. 81 1- 

3-23 

$25.23 

1.99 

$15.54 

53.96 

Sulfuric acid (100% HsSO.), 





' ' 


short ton 

6.50 

2.57 

16.70 

1.59 

10.33 

29.23 

Total for materials 


5.80 

$41.93 

3.68 

Zn 

y> 

73.19 

Conversion 







Power, kw-hr 

0.0025 

115 

$ 0.29 

71.0 

$ 0.18 

0.50 

Labor, operating supervision 



2.65 


1.64 

4.64 

Labor, maintenance. ....... 



2.00 


1.23 

3.48 

Labor, laboratory and office . 



0.75 


0.46 

1.30 

Evaporation, steam per ton. 

1.05« 

1.87 

1.96 

1.15 

1.21 

3.43 

General plant expense 



0.44 


0.27 

0.76 

Maintenance, materials. .... 



1.50 


0.93 

2.63 

Depreciation (over-all), 7.5% 



4.11 


2.54 

7.19 

Insurance and taxes, 3%. . . . 



1.65 


1.02 

2.88 

Total for conversion 



$15.35 


$ 9.48 

26.81 

Grand total . 



$57.28 


$35.35 

100.00 


“ Based on recovery of 94% of the P 2 O 6 , 

Including freight to Salt Lake City, Utah. 

® Per ton steam derived from average coal at $5.00 per ton, assuming efficiency of 
50%. 

neutralization of the acid with lime is necessary to eliminate some of these 
impurities; this results in the formation of phosphate precipitates that are 
difficult to market. Additional filtrations and washing are necessary, and 
the partially neutralized solution must be reacidulated with pure sulfuric 
acid, concentrated, and again filtered free of calcium sulfate. The fact 
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that many of those previously used* pure phosphoric acid manufactured 
by the wet process now employ acid derived from the electric furiiace 
method, is rather conclusive evidence that the latter acid is more satis- 
factory and probably more economical for focxl and high-grade chemical 
products. The logical use for phosphoric acid produced by the sulfuric- 
acid method is in the manufacture of fertilizer materials in which purity 
is not essential. 

Electric-Furnace Process 

Whereas the electric-furnace process has been modified an<l impr<)V<‘d 
during the past decade^^ there is still opportunity for further simplifica- 
tion and economic development. As conducted today, this pi*ocess involves 
two broad steps ; in the first step the properly prepared phosphate charge^ 
(mixed with coke breeze) is smelted in an oblong three-phavS(» (‘lectric fur- 
nace and the elemental pho.sphorus reduced, volatilized and (*ollcM*t(*d us 
described in Chapter 10. The second step involves feeding liquid phos- 
phorus through a special burner to a combustion chamber wiuM'inn it is 
oxidized with an excess of air to produce phosphorus ptmtoxidc^ The latt(M‘ 
compound is then hydrated and collected as strong pliosphorir a(id l>y 
means of a Cottrell electrical precipitator as descril)ed in Chapter IL 

The equipment for converting elemental phosphorus intc; phosphoric 
acid has been so improved and simplified in recent years that in spit{^ of th(‘ 
advance in the prices of labor and material of construction, the cost of a 
modern plant should not be greatly in excess of that of the more' (‘laborafe 
type previously employed. The capital investment in this new type f>f 
plant for producing 33,000 tons of P 2()5 per annum in the form <jf con- 
centrated phosphoric acid is estimated at $o00,000. A powei- rat(‘ of 2.r> 
mills per kw-hour has been assumed and the costs of labor and mat(‘ria}s 
are estimated at 150 per cent above those prevailing prioi- to ^\^>rld Wnr 
IL On this basis, the detailed costs of manufacturing phosphoric* acid from 
elemental phosphorus produced by the ele<‘tri<*-funui(*e pro(*(‘ss are givc^n 
in Table 4. 

Blast-Furnace Process 

Provided the phosphorus eoileeted in the blast-furnace |)r(K'ess is rela- 
tively pure and can be handled in Ii(|uid form, tlic cost of (*onv(‘rting it 
into phosphoric acid is the same as that Of manufact uring t his acid from 
electric furna(‘e phosphorus. Any difTerence in the cost of phos|)lior!c acid 
produced l)y these two modifications of the tluamtal rcHliaaimi mt'lliod (jf 
treating phosphate rock lies in the cost of manufacturing elemental 
phosphorus^'*. 
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Referring to the estimates given in Tables S and 6 of Chapter 10, the 
cost of elemental phosphorus per ton obtained by the electric-furnace 
process is $151.89 as against $164.21 per ton for that produced through the 
medium of the blast furnace. On this basis the cost of manufacturing P 2 O 5 

Table 4. Estimated Cost op Manupacturing PzOs as Phosphoric Acid (85% 
H3PO4) BY Combustion op Elemental Phosphorus Produced by 
Electric-Furnace Process 

(Annual production for 330-day operation, 33,000 tons PaOs, equal to 53,600 tons 85% 

phosphoric acid) 

Capital investment 

Real estate $ 10,000 
Buildings 40,000 
Equipment 450,000 


Total $500,000 



Unit Cost 

Per Ton of Product 

%of 

Total Cost 

PiOs 

HjPOi (85%) 

Quantity 

Cost 

Quantity 

Cost 

Phosphorus, short ton 

$151.89 

0.446* 

$67.74 

0.276“ 

$41.93 

91.93 

Conversion 







Power 



$ 0.04 


$ 0.02 

0.04 

Labor, operating and super- 







vision 



1.51 


0.93 

2.03 

Labor, maintenance. 



1.27 


0.78 

1.70 

Labor, laboratory and office . 



0.54 


0.33 

0.72 

Maintenance, materials. . . . . 



0.40 


0.25 

0.54 

General plant expense 



0.30 


0.19 

0.42 

Depreciation (over-all), 10% 



1.48 


0.92 

2.01 

Insurance and taxes, 3% 



0.46 


0.28 

0.61 

Total cost .... 



$ 6.00 


$ 3.70 

8.07 

Grand total 



$73.74 


$45.63 

100.00 


* Based on 98% recovery. 


in the form of concentrated phosphoric acid is $5.45 more per ton by the 
latter than by the former method. The cost of manufacturing phosphoric 
acid from elemental phosphorus derived from the blast-furnace process is 
given in Table 5. 

According to the figures given in Tables 3, 4, and 5, the estimated cost 
of manufacturing phosphorus pentoxide (per short ton) in the form of 
phosphoric acid (unpurified) by the wet or sulfuric acid process, the electric 



BULFURIC ACW AND THERMAL REDUCTION PROCESSES 223 


furnace method and the blast furnace method is $51.28, $73.74 and $79.19 
respectively. These comparative itemized costs as well as those of the 
P 2 O 6 in triple superphosphate produced from acid at the above prices are 
given diagrammatically in Figure 4. 

Table 5. Estimated Cost op Manufacturing PaOs as Phosphoric Acid (85% 
H3PO4) BY Combustion op Elemental Phosphorus Produced 
BY Blast-Furnace Process 

(Annual plant capacity, 300-day operation, 33,000 PaOs equal to 53,600 tons 85% 

H3PO4) 

Capital investment 


Real estate 

$ 10,000 

Building 

40,000 

Equipment 

450,000 

Total 

$500,000 



Unit Cost 

Per Ton of Product 

%of 

Total Cost 

PsOs 

H,P04(8S%) 

Quantity 

Cost 

Quantity 

Cost 

Phosphorus, short ton 

1 

$164. llj 

0.446* 

$73.19 

0.276* ; 

$45.29 

92.44 

Conversion 







Power 

j 


0.04 


0.02 

0.04 

Labor, operating and super- 







vision 



1.51 


0.93 

1,90 

Labor, maintenance 



1.27 


0.78 

1.60 

Labor, laboratory and office . 



0 .54 I 


0.33 

i 0.68 

Maintenance, materials. . . . 



0.40 1 


0.25 

i 0.51 

General plant. . 1 



0.30 1 


0.19 

i 0.38 

Depreciation, 10% 



1.49 


0,92 

1.88 

Insurance and taxes, 3%. . . . 



0.45 


0.28 

0.57 

Total for conversion 



$ 6.00 


$ 3.70 

7.56 

Grand total 



$79.19 


$48.99 

100.00 


Estimated recovery of 98%. 


It will be noted that the largest items of expense in all these processes 
are the raw materials and the reagents required. Therefore any substantial 
change in these items will materially affect the cost of the final product. 
By use of the diagrams given in Figures 2, and 3, however, the cost of 
the raw materials and reagents can be adjusted to conform to particular 
conditions and enable those planning new developments to chose the process 
best adapted to a given locality. 
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Figure 4. Estimated cost of one ton p 205 inform of phosphoric acid (85% H 3 P 04 ) 
and triple superphosphate (48% P 2 O 6 ) produced by alternate processes. 

. It must be borne in mind that the cost figures apply to phosphoric acid 
that has not been purified. The purification of phosphoric acid manufac- 
tured from elemental phosphorus is comparatively simple compared to the 
elaborate procedure involved in purifying the crude acid obtained by the 
S0'(‘alled wet process. Hence any price advantage which the latter may 
have over the acid derived from elemental phosphorus is more than offset 
!)y the cost of the additional purification steps required. 
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14. Purification of Phosphoric Acid 
and Its Salts 

Wm. H. Waggaman 

Senior Mineral Technologist, Bureau of Mines, U. S. Dept, of Interior 

and 

W. T. Grace 

Grasselli Chemicals Dept, E. /. du Font de Nemours & Company 

No matter how pure the raw materials used in its manufacture may be, 
phosphoric acid which is to be used for food and high-grade chemical pur- 
poses must be purified®- On the other hand, phosphoric acid used in the 
manufacture of fertilijsers need not be purified. 

The procedure and number of steps required in the purification of phos- 
phoric acid depend on the method employed in manufacturing the acid 
and the ultimate use of the products. 

In thermal reduction processes which involve the reduction of phosphate 
to elemental phosphorus and its subsequent oxidation, the bulk of the 
nonvolatile impurities present in the rock are left in the residue or slag 
and with due precautions only very small quantities of silica, lime and 
iron and aluminum phosphates are carried over and condensed or dissolved 
in the acid collected. 

If the so-called one-step modification of the thermal reduction process 
is employed, which comprises the simultaneous oxidation of the phosphorus 
vapor and combustible gases as they issue from the furnace, certain volatile 
impurities such as sulfur and its compounds, arsenic and fluorine compounds 
may be present in the acid. Since lead is often employed in some part of 
the collecting or storage equipment the acid must as a rule be treated to 
remove this impurity. 

If however, the two-step process is used wherein phosphorus is removed 
from the furnace gases by condensation and subsequently burned in a 
separate combustion chamber, most of the volatile contaminants are elimi- 
nated and the resultant acid contains only minor quantities of impurities. 

PxjRIFIGATION' OF PHOSPHORIC AciP 

Where phosphoric acid is produced from phosphate rock by the sulfuric 
acid process, its purification and concentration entail considerable time 
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manipulation and expense. Such acid always contains a number of im- 
purities which are objectionable for one or more of the following reasons: 

(1) They reduce the acidity of the product. 

(2) They render the products manufactured therefrom more difficult to 
handle. 

(3) They yield products of poor color and of inferior grade. 

(4) They cause certain products (baking powders) to have poor keeping 
qualities. 

(5) They may render food products unwholesome or actually deleterious 
to health. 

Silica and Calcium Sulfate 

These are solid impurities obtained almost coincident with the treatment 
of phosphate rock with sulfuric acid — silica being present in the rock and 
calcium sulfate being formed in the reaction. The bulk of these contami- 
nants is removed by filtration, but thorough washing of the residue with 
dilute acid and finally with water is necessary to leach out the phosphoric 
acid absorbed or contained therein. As pointed out previously, this loss in 
a properly operated plant should not exceed 1| per cent of the acid pro- 
duced. 

Owing to the solubility of calcium sulfate in relatively dilute phosphoric 
acid, an appreciable quantity (1 to 3 per cent) of this compound is held 
in solution, but is removed in subsequent treatment. 

Arsenic and Lead 

Some phosphate rocks contain appreciable quantities of arsenic and since 
this element, as well as its oxide, is quite volatile at elevated temperatures, 
small amounts may be found in the acid produced by the thermal reduction 
method (particularly when the one-step modification method is used). 

If phosphate rock is decomposed with lead chamber sulfuric acid derived 
from the combustion of pyrites, the resultant phosphoric acid nearly always 
contains appreciable quantities of arsenic and lead. Both of these impuri- 
ties must be reduced to mere traces before the acid can be used for food 
grade products. 

Fortunately both lead and arsenic can be precipitated by passing hydro- 
gen sulfide gas directly into the acid or by adding a soluble sulfide which 
is acted upon by the acid to form HzS. 

After the arsenic and lead are precipitated, the excess of hydrogen sul- 
fide must be completely removed from the acid since the presence of this 
gas even in small quantities interferes with subsequent filtration. The 
colloidal sulfur that is formed tends to clog the filtering media. The excess 
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H 2 S is driven off by heating the acid to at least 50°C and passing through 
it a stream of air or carbon dioxide gas. 

Booth and Malowan^ claim, however, that in the case of relatively con- 
centrated phosphoric acid, lead is more effectively removed by having a 
small amount of free sulfuric acid present and then adding a soluble barium 
or strontium salt. The resultant precipitate is said to occlude lead compounds 
and remove them from solution. Woodstock^^ claims that very small addi- 
tions of sodium iodide or bromide to phosphoric acid containing a little sul- 
furic acid facilitate the removal of lead, and Knox^^ found that the same 
effect could be obtained with strong phosphoric acid (70 per cent H3PO4 
or higher) by addition of sodium chloride. 

Hurka'® states that on account of its viscosity, phosphoric acid having 
a concentration of 80 per cent H 3 PO 4 or more cannot be readily freed from 
arsenic by means of hydrogen sulfide, but that if such acid is contacted 
with metallic copper the arsenic is precipitated probably as copper arsenide 
which does not dissolve in concentrated phosphoric acid, provided non- 
oxidizing conditions are maintained. 

Fluorine 

Phosphoric acid manufactured either by the one-step modification of 
the thermal reduction method or by the sulfuric acid process contains 
fluorine largely in the form of fluosilic acid or fluosilicates. 

If the presence of sodium salts is not objectionable in the final product, 
the fluorine can be precipitated and filtered off as sodium fluosilicate by 
the addition of an amount of soda sufficient to convert 50 to 75 per cent 
of the acid into monosodium phosphate. 

In manufacturing phosphoric acid from high-grade apatite (low in iron 
and aluminuna) Ferney® states that the fluorine can be largely removed 
by adding sodium phosphate to the sulfuric acid used in the decomposition 
steps. The sodium fluosilicate resulting from this treatment is precipitated 
along with gypsum and subsequently removed by decantation or filtration. 
Any fluosilicates still remaining in solution are crystallized out when the 
acid is concentrated. 

Carothers and Gerber^ patented a process for removing fluorine from 
phosphoric acid by addition of either sodium silicate or sodium phosphate. 
Knox et proposed to remove fluorine by filtering the impure phos- 
phoric acid through beds of hydrated silica, and Boofh^ has suggested 
absorption of the fluorine compounds by passing concentrated phosphoric 
acid through a column of skeletal silica. Hettrick^ claims to reduce the 
fluorine content of such concentrated acid by blowing superheated steam 
through it at a temperature of 280°F. 

When phosphoric acid contains substantial quantities of iron and 
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aluminum, as is the case where the acid is produced from the average grade 
of phosphate rock by the wet proce^, the fluorine may be removed alonar 
with these other impurities as described below. 

Iron and Aluminum 

These impurities are the most costly to remove from phosphoric acid 
since when precipitated they carry with them very appreciable quantities 
of phosphoric acid which is so combined that it cannot be recovered by 
leaching the precipitate with water or dilute acid. 

The removal of these impurities is brought about by the addition of 
finely ground limestone to the acid. During the violent reaction which 
ensues the solution heats up and the large volume of CO2 evolved carries 
off any residual H2S which may still be in the acid. 

This treatment with limestone produces a solution of monocalcium 
phosphate, a certain amount of dicalcium phosphate and precipitates iron 
and aluminum phosphates, calcium fluoride and fluosilicates. The free 
acidity of the resulting solution is reduced by this treatment to about 4.5 
percent. 

This mixture of insoluble compounds is then removed from the acid solu- 
tion of monocalcium phosphate by filtration. The residue has a high ab- 
sorptive capacity for soluble salts and hence it is necessary to wash it 
thoroughly in order to reduce to a minimum the losses of soluble PsOs. 
The soluble phosphate in the wash water is often precipitated as dicalcium * 
phosphate by the addition of lime, and this dicalcium phosphate in turn 
is filtered off, added to the monocalcium phosphate solution and reconverted 
into phosphoric acid as described below. 

The monocalcium phosphate solution, after removal of the iron, alumi- 
num and the bulk of the fluorine, is then mixed with pure sulfuric acid, 
and insoluble calcium sulfate thus precipitated and filtered off. The phos- 
phoric acid thus obtained is nearly free from all objectionable impurities 
but since it seldom has a strength of over 30®B4 (40 per cent H3PO4), it 
must be concentrated before it is suitable for the market. This concentra- 
tion is accomplished either in vacuum evaporators, by bubbling large vol- 
umes of hot gas through a column of the liquid, or spraying the acid into 
a chamber countercurrent to a stream of such gases. During the concen- 
tration process, any residual fluorine compounds still present in the acid 
are driven off as hydrofluoric acid and crystals of calcium sulfate settle 
out. 

Hickson®^, claims that phosphoric acid may be economically freed from 
metallic contaminants (Fe, Al, and Pb) by addition of a large volume of 
glacial acetic acid. After the mixed precipitates are removed by filtration, 
the acetic acid is recovered from the phosphoric acid solution by distillation. 
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Coleman® has proposed a method of producing pure phosphoric acid 
consisting in mixing phosphate rock with an amount of phosphoric acid ap- 
proximately sufficient to form monocalcium phosphate, heating the result- 
ant mass to a temperature below 240°C to convert it largely into metaphos- 
phates and treating the dried product with phosphoric acid to reconvert 
it into orthophosphate. Sufficient sulfuric acid is then added to precipitate 
the lime and produce an equivalent quantity of phosphoric acid. It is 
claimed that the iron and aluminum metaphpsphates produced during the 
dehydration step do not dissolve again when treated with phosphoric and 
suKuric acids and are thus readily separated from the final product. 

Low^® claims much the same result by heating crude phosphoric acid 
above 300°C until the iron and aluminum are converted into insoluble 
metaphosphates. The acid is then diluted and these impurities removed 
by filtration. Other troublesome contaminants such as fluorine, arsenic and 
sulfur (as SO3) are said to be volatilized during the heating step. 

Vanadium 

The phosjlhate rock of the western states contains appreciable quantities 
of vanadium which dissolves when the rock is treated with sulfuric acid, 
imparting a green color to the resulting phosphoric acid and to products 
derived therefrom. To remove vanadium, Laist^® first proposed to treat 
phosphoric acid with a sufficient quantity of sodium ferrocyanide to pre- 
cipitate all of the vanadium and most of the iron. The precipitate was then 
filtered off, digested with sodium hydroxide, and the sodium ferrocyanide 
regenerated to be used over again. The vanadium in the residue was then 
recovered as a by-product. 

The method now used for removing vanadium from wet-process acid 
consists in adding sodium chlorate to the filtered acid (after concentrating 
it to 53°B^). The oxidizing agent (NaClOa) causes the. precipitation of 
phosphovanadic acid which is subsequently separated and purified for 
market^®. 

Phosphoric acid manufactured by thermal reduction methods contains 
no vanadium since this element is largely reduced and retained in the ferro- 
phosphorus formed in the furnace. 

Decolorizing 

Crude phosphoric acid produced by the sulfuric acid method is highly 
colored due partly to the presence of dissolved organic matter, and partly 
to the presence of very small quantities of chromium, vanadium and molyb- 
denum compounds. Organic contamination may be greatly reduced by 
calcining the phosphate rock before converting it into phosphoric acid and 
taking proper precautions to avoid fouling the solutions with oil, pump 
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packing, etc. Organic discoloration, however, may be readily destroyed by 
oxidation and such oxidizing agents as permanganates, chlorates and chlo- 
rine gas'^ have been used for this purpose. 

Coloration due to the presence of the rarer metals mentioned above is 
not as easily eliminated, but is corrected to a large extent by means of 
oxidizing agents. Ferney^ states the higher oxides of these metals (V 2 O 5 , 
CrOs, and M0O3) are almost colorless, except in the presence of chlorides. 
Therefore, he recommends the use of permanganates rather than chlorates 
or perchlorates as oxidizing agents. 

The acid produced by thermal reduction methods should be free from 
organic impurities provided collecting equipment, pumps, pipelines and 
storage facilities are kept clean. 

Crystallized Phosphoric Acid 

Theoretically the ideal way to obtain phosphoric acid absolutely free 
from all impurities is to crystallize this compound, but while this has been 
done in a relatively small way the method has not as yet been applied on 
a commercial scale. 

Eoss, et al}^ described a process for purifying phosphoric acid which may 
be briefly outlined as follows: 

Phosphoric acid (produced by the volatilization process) is brought to 
a specific gravity of 1.85 either by dilution with water or by evaporation, 
care being taken that the acid solution is not heated above 150®C. The 
acid is then cooled to 20 ‘^C and inoculated with a crystal of H 3 PO 4 , where- 
upon the whole mass solidifies. The crystalline mass is then centrifuged 
and the crystals separated from the mother liquor and dried. The dried 
crystals are nearly free from impurities, but if it is desired to purify them 
still further, a little water may be added and the process repeated. The 
mother liquor may be used over again in the cycle or employed directly 
for the manufacture of products where highly purified acid is not so essen- 
tial. 

A modification of this method of purification described by Carothers and 
Gerber® is said to be particularly applicable to acid produced by thermal 
reduction processes. The method consists in first treating acid having a 
concentration of over 82 per cent of H 3 PO 4 with sodium sulfide and silicate 
of soda to remove the arsenic and fluorine compounds. The suspended 
matter is then allowed to settle and the acid filtered, aerated at 50°C to 
remove volatile matter, cooled to lO^C and inoculated with a crystal of 
phosphoric acid. The mass of crystals formed under these conditions is 
then separated from the mother liquor by centrifuging. 

Eoss, et al,^ showed that phosphoric acid produced by the volatilization 
process when crystallized has a purity superior to that which has been put 



PHOSPHORIC ACID AND ITS DERIVATIVES 


through elaborate chemical treatments. These investigators also worked 
out a chart showing the solubility of both anhydrous and hydrated crys- 
talline phosphoric acid, which should be of considerable value as a means 
of determining the yield of two types of crystals under varying conditions 
of concentration and temperature. This chart (Figure 1) and their descrip- 
tion of its use are given below. 

^The solubility curve AB of anhydrous phosphoric acid and that por- 
tion ODE of the curve of the hydrated acid above 15°C are represented 
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Figure 1. Solubility curves of hydrated and anhydrous orthophosphoric acid. 

in the figure. By use of these curves the amount of acid that will be 
deposited on crystallizing from a solution of known concentration and tem- 
perature may be readily estimated. Thus at 24°C, for example, no crystal- 
lization will occur below a concentration of 86.3 per cent. Above this con- 
centration a hydrated crystal will induce partial crystallization in the 
solution, the proportion increasing up to 91.6 per cent when the whole mass 
becomes solid. With still greater concentrations partial crystallization again 
occurs until at a concentration of 94.6 per cent no crystallization follows 
inoculation with either hydrated or anhydrous crystals. This holds true 
up to 94.8 per cent acid. Above this concentration partial crystallization 
follows inoculation with either hydrated or anhydrous crystals. The amount 
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deposited increasing up to 100 per cent when it crystallizes to a solid ma^. 
The curves also show that at 24*^0 no crystallization will take place when 
a 94,8 per cent solution is inoculated with either a hydrated or anhydrous 
crystal or both, but that the whole mass becomes solid when the tempera- 
ture of the solution is lowered one degree more/’ 

Unfortunately for this method of purifying phosphoric acid, the tem- 
perature to which the acid is subjected before crystallization has a marked 
effect on the rate at which crystallization takes place, and according to 
the authors just cited, acid which has been maintained at a temperature 
of 130°C or above for a protracted period will not crystallize. This prac- 
tically precludes emplo 3 dng the crystallization method for purifying phc^- 
phoric acid manufactured by the sulfuric acid process. 

Pure Sodium Phosphate Salts from Wet Process Phosphoric Acid* 

In producing high-quality sodium phosphate salts from wet-process acid, 
it is not customary to resort to prior treatment of the acid to produce a 
complete or semi-purification. A satisfactory elimination of the major im- 
purities can be accomplished at various stages of neutralization by proper 
treatment. As rather voluminous precipitates result in some of the neu- 
tralization steps it is necessary to start with phosphoric acid of not over 
20 to 25 per cent P 2 O 6 content for efficient filtration and handling. Con- 
centration of the neutral liquors to salt out the impurities cannot be re- 
sorted to, due to the high loss of P 2 O 5 that accompanies salting out opera- 
tions. 

In addition to mineral impurities, wet phosphoric acid produced from 
raw rock will be highly colored due to the action of the sulfuric acid on 
the organic constituents. This color persists through all neutralization and 
purification steps giving a definite off-color to crystals produced unless 
they are thoroughly washed. The generally adopted procedure to overcome 
this difficulty is to calcine the rock prior to acid digestion. Prepared or 
calcined rock is available from the Florida deposits. Users of western phos- 
phate rock in the United States calcine the rock prior to use to reduce the 
foaming during acid digestion and this step is followed by European manu- 
facturers using north African rock . 

The major portion of the H 2 SiF 6 (fluosilicic acid) content of the phos- 
phoric acid produced can be removed by partial neutralization to mono- 
phosphates with soda ash or di-soda liquor^®* within a neutralization 
range of 10 to 20 per cent. A coarse granular precipitate of Na^SiFe will 
result from this partial neutralization and can be removed by filtration, 
washed, dried and disposed of as commercial sodium silicofluoride. The 
purity of the product depends upon the clarity of the phosphoric acid and 

* W. T. Grace, Grasselli Chemicals Dept., E. I. du Pont de Nemours & Company. 
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with clear acid will approximate 98 to 99 per cent Na 2 SiF 6 , the major 
contaminant being P 2 O 6 . The removal of fluorine will not be complete by 
the above procedure but the small amount remaining in solution can be 
readily removed in a subsequent neutralization step. 

The lead and arsenic are removed from the defluorinated acid by treat- 
ment with sodium sulfide liquor. The reaction is slow and a retention 
period after the sulfide treatment will lead to more complete precipitation. 
The precipitate will not be of any great volume and a treatment for reduc- 
tion of the sulfate content can be carried out in the presence of the lead 
and arsenic sulfides. 

Sulfates can be reduced to small amounts by slow treatment of the liquor 
with barium carbonate until a test shows a slight amount of soluble barium 
in the acid liquor. The arsenic and lead sulfides and barium sulfate should 
be removed by filtration at this point. 

The acid filtrate at this point contains the iron and alumina originally 
present in the acid, a small amount of fluorine and traces of barium. 
Neutralization by addition of soda ash to pH 4.0 to 4.2 will precipitate 
the iron and alumina as phosphates and the remaining fluorine as sodium 
aluminum fluoride. Before filtration, the heating of the slurry to 210°F 
with live steam will drive out all CO 2 , convert the soluble barium to in- 
soluble barium phosphate and condition the heavy slurry for filtration. 
This is the most voluminous precipitate obtained in any of the purification 
steps and contains from 8 to 15 per cent of the P 2 O 6 originally in the acid 
as insoluble iron and aluminum phosphates. The filter cake may be thor- 
oughly washed to recover all soluble P 2 O 6 and then dried and disposed of 
as an ingredient for mixed fertilizer goods. 

The filtrate obtained at this point is suitable for the production of mono- 
sodium phosphate crystals by concentration of the liquor and crystalliza- 
tion. Limited crystal crops may be required for highest purity products 
and mother liquors may have to be diverted to di-soda production. Mono- 
sodium phosphate crystals produced from liquors of pH 4.0 to 4.2 may be 
converted to acid pyrophosphate by further dehydration in high-tempera- 
ture ovens or rotary calciners. 

Mother liquors from monosodium phosphate operations or monosodium 
liquors from the previous soda ash neutralization or mixtures of the two 
may be further neutralized to disodium phosphate by soda ash addition to 
pH 8.6 using phenolphthalein as an indicator. This induces a small addi- 
tional precipitate of iron and aluminum phosphates requiring another fil- 
tration step but yields a di-soda liquor with lower fluorine content than 
direct neutralization of the phosphoric acid to the di-soda stage with no 
intermediate filtration. 
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Figure 2. Flow sheet showing manufacture of high-quality sodium phosphate salts from wet process phosphoric acid. 
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Aft jr concentration of the filtrate, disodium phosphate crystals may be 
produced in cooler-crystallizers with separation of the mother liquor in the 
usual manner. Concentration and salting out in an evaporator may be 
resorted to and with proper adjustment of temperature conditions either 
the duohydrate crystal or anhydrous crystal may be obtained. Any of the 
above products may be treated in direct fired rotary calciners to produce 
sodium pyrophosphate. 

This removal of di^soda crystals from the liquor results in an increase 
in the ratio of impurities to remaining di-soda content and this ratio can 
be brought back to normal by return of the di-soda mother liquors to the 
first neutralization step to precipitate the sodium silico fluoride, whereupon 
the impurities will be reduced to normal in the subsequent purification 
steps. 

A further purge of the impurities in the di-soda circuit can be accom- 
plished by diversion of a constant amount of the mother liquors to a 
trisodium phosphate circuit. This product is not used as a constituent of 
food products and the tolerances or impurities permitted are more lenient. 

Virgin di-soda liquor or mixtures with di-soda mother liquor are treated 
with caustic soda to a small excess of free NaOH. This may result in a 
turbid liquor if iron and manganese are present and a clarification filtration 
may be found necessary. The end product liquor of trisodium phosphate 
can then be concentrated as required for delivery to a water-cooled crystal- 
lizer to produce Na3P04, I2H2O crystals with separation of the mother 
liquor for return to the caustic neutralization step. 

For the production of a- flake or pelleted product, the TSP liquor may 
be concentrated to crystal strength and fed to a water-cooled flaking roll 
or sprayed into a cooling chamber. 

When large proportions of crystal TSP are being produced the impurities 
may build up in the mother liquors to such an extent that satisfactory 
crystal crops are not obtained. This build-up of sodium sulfate, chloride 
and carbonate may be eliminated by periodic evaporation of the mother 
liquors to very high concentration in a salting-out evaporator and the salt 
lock content consisting of sodium sulfate, carbonate, chloride and phos- 
phate discarded. 

By careful control of conditions, limitation of the crystal crops removed 
and careful washing of crystals to remove adhering mother liquor, it is 
possible to produce mono- and disodium phosphate products that meet 
the specifications of the U. S. Pharmacopia and Food and Drug require- 
ments. 

A typical flow sheet of wet-process soda salts production with the main 
reactions involved is shown in Figure 2 . 
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Superphosphate is a term generally applied to the product obtained by 
treating finely ground bones or phosphate rock with sulfuric acid. Whereas, 
a number of chemical changes take place between the acid and the various 
minerals in phosphate rock, the main reaction sought and the one of prime 
importance from an agricultural standpoint is the conversion of the in- 
soluble tricalcium phosphate (usually present as fluorapatita) into mono- 
calcium or a readily soluble phosphate salt and calcium sulfate. The vMous 
reactions involved in the manufacture of superphosphate are discussed 
later in this chapter. 

Superphosphate was the first chemically prepared fertilizer product and 
marked the evolution of a relatively small haphazard business into an 
immense industry involving the application of scientific knowledge and 
sound engineering principles. 


Histobical 

There has been considerable controversy as to who first discovered the 
process of acidulating natural phosphates in order to render them more 
quickly available to crops. About 1934, however, the International Super- 
phosphate Association instigated an inquiry to determine definitely the 
names of investigators responsible for this epoch-making development^^- 24 , 

The results of this investigation established the fact that in 1835 a 
German named Escher first suggested the acidulation of finely ground 
bone meal to render it more effective as a fertilizer. Escher, however, died 
before he actually conductied any extensive experiments along these lines. 

In 1839 to 1840, Leibig, who apparently knew nothing of Escher’s work, 
published a report in which he said good results could be obtained by 
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treating plants with acidulated bone. Leibig did not patent this process 
but in 1845 he took out a patent for mixing acidulated bone with carbonates 
of lime, potash and soda. In view of Leibig^s knowledge of chemistry it is 
rather surprising that he should have proposed such a process as the addi- 
tion of these alkaline salts only served to revert the phosphate to less 
soluble forms. 

In 1842, J. B. Lawes^^ was issued a patent covering the acidulation of 
phosphate rock. Subsequently, he admitted that Leibig had priority on the 
process of acidulating bone products and hence amended his patent to 
cover only phosphate minerals. Lawes made a commercial success of his 
discovery and is generally regarded as the father of the superphosphate 
industry, although Packard states that his grandfather, Edward Packard, 
erected the first complete superphosphate factory in 1854^^ 

The superphosphate produced in these early days was irregular in com- 
position and often in poor physical condition due to the following causes: 

(1) An incomplete understanding of the action of sulfuric acid upon the 
various impurities occurring in natural phosphates, and the consequent 
lack of chemical control over the raw materials entering into the manu- 
facture of superphosphate. 

(2) The limited knowledge of the importance of sulfuric acid concentra- 
tion upon the rate and thoroughness of the chemical reactions and the 
mechanical condition of the product. 

(3) The use of coarsely ground phosphates which W’ere incompletely 
attacked by sulfuric acid. 

(4) The employment of hand labor in mixing the acid and rock which 
made it impracticable to obtain the intimate contact necessary for rapid 
and complete reaction. 

(5) The dumping of the freshly prepared material upon open piles almost 
immediately after mixing, a practice which so cooled the mass that the 
chemical reactions were checked and the moisture content of the product 
was objectionably high. 

The importance of certain factors in acidulating phosphates was soon 
recognized and resulted in more economical and efficient methods being 
introduced. Today accurately proportioned charges of phosphate rock and 
sulfuric acid, the composition and strength of which are definitely known, 
have replaced the loose approximations of the early days. Fertilizer ma- 
chinery for grinding, mixing, curing and disintegrating materials has 
reached such *a high degree of perfection that there is no longer any excuse 
for incompletely acidulated phosphates due to improper grinding or mixing 
of the raw materials, nor any reason for undue delay in curing and shipping 
superphosphate for lack of the proper mechanical facilities. But while 
the mechanics of this process have been pretty thoroughly worked out, 
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and a better understanding of the chemical nature of the product 
gained’"’ there still appears to be room for further research. 

It is reasonable to expect that continued investigations will lead to econo- 
mies in acid consumption, resulting in the production of more concentrated 
superphosphate and a better utilization of our phosphate resources. 

Owing to the fact that finely ground steamed or degreased bone is more 
valuable as an animal feed supplement, and also because water-soluble 
phosphates can be obtained so much more readily and cheaply by the 
acidulation of mineral phosphates, the percentage of bone products now 
treated with sulfuric acid is very small. 

In manufacturing soluble phosphates for fertilizer purposes from de- 
gelatinized bone, the bones are first ground to pass at least a 60-mesh 
sieve and then treated with an equal weight (approximately) of 60 per cent 
sulfuric acid or its equivalent in more concentrated acid. The mass is 
thoroughly mixed and allowed to cure until the chemical reactions are 
practically complete. Dissolved bone contains in addition to water-soluble 
phosphate a small amount of fixed nitrogen also in an available condition, 
which adds to its agricultural value. The main fertilizer ingredient, how- 
ever, is monocalcium phosphate and the amount of water-soluble phos- 
phoric acid (P 2 O 6 ) in this form varies between 15 and 20 per cent, depending 
on the type of bone used and the concentration of the acid employed in 
decomposing it. Unfortunately the character and quantity of the organic 
matter in some of the bone used is such that upon treatment with sulfuric 
acid a viscous mass results which is difficult to dry. This objection does not 
apply, however, to bone char and bone ash, both of which are used to a 
limited extent in the manufacture of water-soluble phosphates. 

The vast bulk of soluble phosphate produced both in this country and 
abroad, however, is manufactured from the amorphous phosphates of lime, 
deposits of which have been previously described. The general procedure 
followed in making superphosphate is a familiar one, and most of the larger 
manufacturers of this commodity exercise great care in its preparation, 
checking both the raw materials and finished product by chemical analyses 
and endeavoring by the use of the most modern equipment to obtain a 
superphosphate of the highest concentration and availability and in the 
best possible mechanical condition for distribution in the field. 

Although other types of water-soluble phosphates such as ammonium 
phosphates, triple-superphosphate and double salts of phosphoric acid have 
gained in favor, ordinary superphosphate continues to be the* chief carrier 
of P2O5 in fertilizers. 

Table 1 shows the annual production of superphosphate in the United 
States from 1939 to 1949 inclusive. An aerial view of the largest super- 
phosphate plant in the United States is shown in Figure 1. 
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Some of those engaged in the production of this material, have a rather 
limited knowledge of the chemistry involved and are not too familiar with 

Table 1. U. S. Production of Ordinary Superphosphate (18% PgOs Basis) 
Short Tons (1939-1949) 


Year 

Production (Tons) 

1939*^ 

3,514,400 

1940“ 

4,024,400 

1941“ 

4,493,900 

1942“ 

5,144,484 

1943“ 

6,294,665 

i944b 

6,692,368 

1945»» 

7,372,104 

1946’^ 

7,847,591 

1947^ 

9,292,677 

1948b 

9,319,697 

1949b 

9,075,903 

1950b 

9,296,051 


^ U. S. Dept, of Agriculture figures. 
h Figures of Bureau of Census. 





{Courtesy of Damson Chemical Corp.) 


Figure 1. Aerial view of the largest superphosphate plant in the United States, 
showing docking and storage facilities. Sulfuric acid plants at upper left. 


the numerous details affecting the nature of the product. Moreover, the 
keen competition which has sprung up in the fertilisser industry and the 
tendency to progress from the old rule-of-thumb practice toward more 
scientific methods tends to make a thorough understanding of the chemical 
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principles and changes involved in manufacturing this product, extremely 
important if not essential to commercial success. Phosphate rock from 
various sources and from different deposits in each phosphate area differs 
to such an extent that in order to effect the greatest economies in manu- 
facturing superphosphate, more complete chemical analyses than are usu- 
ally demanded are often necessary, and trial laboratory tests should be 
made in order to obtain a true index of the proper proportions of sulfuric 
acid and rock, and the most effective concentration of acid to use. It is a 
well-known fact that when a new grade or type of phosphate rock is shipped 
to an acidulating plant a considerable amount of time and material are 
often consumed in making up large batches or trial mixes before the proper 
proportions of acid and rock required to give a satisfactory product are 
determined. 

The Mechanics op Superphosphate Manufacture 

The manufacture of superphosphate involves the following four very 
important mechanical or physical operations: 

(1) Preparation or grinding of the phosphate rock for acid treatment. 

(2) Mixing of the finely ground phosphate with sulfuric acid. 

(3) Curing and drying of the acidulated material. 

(4) Excavation, milling and bagging of the finished product. 

A number of complete or self-contained units for carrying out practically 
all of these operations with the minimum expenditure of time and labor 
are now in successful operation in this country, but the majority of super- 
phosphate plants still conduct these various mechanical processes in a 
number of separate steps. 

The apparatus used and the efficiency with which these mechanical 
operations are conducted have a profound effect on the chemical reactions 
involved in the manufacture of superphosphate, and hence the improve- 
ments in grinding, mixing, handling, milling, and bagging machinery are 
largely responsible for the economies attained in producing this basic 
fertilizer ingredient. The writers feel, therefore, that brief descriptions of 
the various types of machinery and equipment used in the manufacture of 
this product and a discussion of their functions and merits are essential 
for a thorough understanding of the process. 

Grashing and Grinding Phosphate Rock 

The first step in the manufacture of superphosphate is to reduce the 
phosphate rock to a finely divided condition so that it may be acted upon 
quickly and completely by sulfuric acid. 

Before sending the rock to the pulverizing mills it must first be reduced 
to a size suitable for the mechanical operation of these mills. This is accom- 
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plished by passing the rock through a preliminary crusher, where it is 
broken into pieces less than an inch in diameter. There are several types 
of mills used for this purpose, such as the Swing Hammer or Sledge Mill, 
the gyratory or rotary crusher, the jaw and roll crusher. 

The hammer or sledge mill is a small machine consisting of a number of 
flexibly mounted rotating hammers which break up the rock and force it 
through spaced bars in the bottom of the mill. This type is essentially a 
high-speed mill and has a large capacity for its size. 


{Courtesy of Dmison Chermc(^ Corporation) 

Figuke l>a. A modern crane plant for the manufacture of superphosphate, show- 
ing handling and storage facilities. The dens are at the far end of the building. 

The gyratory or rotary crusher works on the same principle as the house-’ 
hold coffee mill and crushes by gradual reduction between the heavy iron 
cone on the rotating shaft and the chilled iron liner of the mill casing. This 
is a slow-speed machine, but has a large capacity, and requires little power 
to operate. The jaw and the roll crusher are seldom used for crushing phos- 
phate rock and will not be discussed in this chapter. 

Florida pebble phosphates, however, require little or no preliminary 
crushing, as the lumps or pebbles are usually small enough to go directly 
to the pulverizing mills. 

Up until about 30 years ago most of the phosphate rock used in the 
manufacture of superphosphate was ground so that 80 to 90 per cent would 
pass a 60-mesh screen. Finer grinding was considered uneconomical. With 
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the improvement in pulverizing equipment and the application of air sepa- 
ration, finer grinding was found to be both practicable and economical and 
most of the modern plants grind the rock to an average fineness of 80 to 
90 per cent through a 100-mesh screen. Whereas, a further decrease in the 
size of the rock particles results in a reduction in the acid requirements, 
the additional cost of finer grinding may offset the saving in acid thus 
effected. 

Marshall et aU^ on analyzing freshly prepared samples of triple super- 
phosphate made from Montana rock and phosphoric acid (64 per cent 
H3PO4) found that there was a sharp increase in the solubility of the P2O5 
as the particle size of the rock was decreased from 80 to 150-mesh, and 
Kanowitz^^ reported the following results (Table 2) as representative of the 
average quantities of sulfuric acid (51°B6) per ton of rock of various degrees 
of fineness and the relative time required for the reactions to take place. 

With ftne grinding and thorough mixing of the phosphate rock and sul- 


Tablb 2. Sulfuric Acid Requirements and Relative Time Required for 
Making Superphosphate from One Ton of Rock of Several Degrees of 

Fineness 


^ Fineness 

Per cent through 100 Mesh 

Sulfuric Acid Pounds of 51“B^ Acid 
per Ton of Rock 

Relative Time For Reaction 

95.0 

1,739 

1.00 

90.0 

1,842 

1.22 

85.0 

1,946 

1.41 

80.0 

2,058 

1.56 


furic acid the time necessary to produce a good product has been greatly 
reduced. Formerly, the superphosphate manufacturer had to let his product 
cure a month or more before shipment. This curing time was necessary 
because the coarseness of the phosphate rock treated allowed only the 
surface of the larger particles to be acted upon immediately and the acid 
permeated the layer of calcium sulfate thus formed around these particles 
very slowly. Long standing or curing, however, allowed the acid to per- 
meate deeper into the rock particles and a higher yield of available phos- 
phoric acid (P2O 5) was thus obtained. 

The extremely fine grinding now so generally adopted gives greater contact 
surface for the acid to act on, and allows a more thorough mixing, thus 
yielding a product in better mechanical condition, fully matured and ready 
for the market within a considerably shorter time. This means a great 
saving in that it is not necessary to tie up so much capital in storing the 
finished product. 

The more concentrated sulfuric acid now used in manufacturing super- 
phosphates makes fine grinding even more important because of the limited 
•solubility of the calcium sulfate in this stronger acid. 
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The fineness to which the rock is ground is an individual problem which 
must be governed to a considerable extent by such factors as cost of powery 
type of rock and the relative prices of the raw materials in the particular 
locality where the product is manufactured. 

The grinding characteristics of the different phosphate rocks vary some- 
what, not so much with respect to the phosphate mineral, but chiefly to 
the impurities, such as flint, sand and clay. 

Table 3 shows the relative capacities of a mill grinding rock from differ- 
ent parts of the United States and other world sources. The output of the 
average Florida rock is taken as unity^®. 

Puverizing or fine grinding mills may be broadly grouped into three 
classes: (1) those which depend on spring tension to hold the rolls against 
the grinding surface,* (2) those which depend upon the centrifugal force 

Table 3. Grinding Capacity Ratio of Different Phosphate Rocks 


Florida 

Ratio 

1 

Tennessee 

1.2-1.25 

Idaho 

1.1-1.15 

Montana 

1,1-1.15 

Utah 

1. 0-1.1 

Wyoming 

1. 0-1.1 

Morocco 

1.2-1 .3 

Tunisia 

1.2-1.25 

Nauru (Pacific Island) 

1.3-1.35 

Ocean Island 

1.3-1.35 

Russia (Siberia) 

1.0-1.: 

Canada (apatite) 

1. 0-1.1 


of steel rolls against a grinding face; and (3) those which depend on the 
centrifugal force of heavy iron or steel balls rolling over each other within 
a cylindrical or conical shell. The methods of separating the fine from the 
coarse material are of two classes, namely, screen and air separation. Air 
separation has almost completely supplanted the older method of screening 
the finely ground rock as it is discharged from the mill. Air separation is 
more positive, cheaper, and gives a more uniform product. The screening of 
phosphate rock has not only the disadvantage of possible interrupted 
operation due to the clog^ng or blinding of the screens, but the wire of such 
screens eventually wears to such an extent that the screened product 
becomes coarser. The screens also require constant supervision as they 
often develop holes, permitting the passage of a considerable percentage 
of coarse rock which causes trouble when the ground material is subse- 
quently acidulated. 

The Kent Maxecon Mill, The Kent Maxecon mill has been popular 
for many years and is still used in a number of the older fertilizer plants. 
This pulverizer is constructed and operated on the principle of a free 
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vertical concave ring, yieldingly supported on three rolls pressing against 
its inner surface. The ring revolves, so that the material (2 inches, or finer) 
fed on its inner face is held there by centrifugal force, revolves with the 
ring, and passes under the rolls which are held up close to the ring by heavy 
springs. The rolls crush the rock against the ring and discharge it through 
an opening near the bottom of the mill from where it is carried up by an 
elevator, and passed through an air separator in closed circuit which re- 
moves the fine material and returns the coarser rock to the mill to be 
reground. 

The larger size Maxecon mill will grind from 4| to 6 tons per hour of 
Florida pebble phosphate to a fineness of 90 per cent through a lOO-mesh 
screen and requires, for maximum operation, a 75 h-p motor. This mill 
has been quite satisfactory and many of the superphosphate plants in the 
South and East are still using it. The main wearing parts are the rolls 
which must be replaced from time to time. 

The Sturtevant Mill and Air Separator. The grinding principle of this 
mill is much the same as that of the Kent mill except that it is equipped 
with a door which makes it possible to expose the working parts for repair 
or adjustment. The mill is operated at a somewhat slower speed than the 
Kent mill (about 70 rpm for the ring), has approximately the same capacity 
as a Kent mill of equal size and requires the same power for its operation. 
This mill is illustrated in Figure 2. 

The Sturtevant Whirlwind centrifugal air separator (Figure 3) has proved 
a very satisfactory machine and a number of the larger fertilizer companies 
have installed them in connection with their grinding mills. It is operated 
as follows: 

The rock is delivered from a hopper into a chute which discharges it onto 
a revolving distributing plate operating at high speed. The material is thrown 
off this plate by centrifugal force in the form of a horizontal spray and the 
finer material whirled and sucked upward through the large top opening 
of an inner casing. A secondary or lower fan strongly whirls the upcoming 
material, centrifugally forcing the coarser sizes away from the opening of 
the inner casing. The fine material is collected in the outer cone of the 
separator and the coarse material discharged through an inner cone and 
returned to the mill for further grinding. A 12-foot diameter separator of 
this type, “capable of turning out from 4 to 6 tons of rock per hour having 
a fineness of 95 per cent through a 100-mesh screen, requires a 30 to 40 
h-p motor for its operation. 

Bradley Pulverizer. There are several mills on the market which con- 
tain screens as an integral part of the mill itself. The most widely used 
for grinding phosphate rock is the Bradley three-roll pulverizer (Figures 4 
and 5) for which the following advantages are claimed: (1) large output for 
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low-power consumption j (2) dustless in operation and low upkeep due to 
the few wearing parts; (3) self-contained unit giving a finished product in 


{CowrUsy of Sturtemnl Mill Company) 

Figure 2. Sturtevant Ring-Koll mill. Upper view shows mill closed. Lower view 
shows casing cut away and internal structure of machine. 

one operation. Although it might appear at first sight that the small screen 
area in these self-contained mills would materially limit their capacity, an 
output of 5 to 7 tons of phosphate rock per hour, 70 to 80 per cent of which 
will pass a 100-mesh screen, is claimed by the manufacturers. This degree 
of fineness is obtained by using a screen of 12 to 14 mesh in the mill 
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One criticism of the self-contained mill is the necessity of closing down when 
the screen becomes clogged or badly worn. 

Those using the Bradley mill do not as a rule grind the phosphate rock 
to the same degree of fineness that most manufacturers of superphosphate 
deem desirable. 

The Hardinge Mill. The Hardinge conical ball mill is typical of the 
third type which depends on the crushing action of iron or steel balls 
against the walls of the rotating steel shell as well as the grinding effect of 
the balls rolling over each other. This mill is conical in shape and the balls 



(CoiMiesjf of St-rntmint MiU Company} 


Figueb 5. Bradley ‘^Hercules’’ milL Cut-away view showing driving mechanism. 

employed are of hardened steel of various sizes. The large balls are held 
in the widest part of the cone by centrifugal force and do the coarsest 
grinding. As the cone narrows to the discharge end, the materials are ground 
more finely by the smaller size balls. The Hardinge air separating unit 
consists of a rotating drum, one end of which is connected to the discharge 
end of the mill and the other end to an exhaust fan which carries the dust- 
laden air to a cyclone collector. 

Because of the lower velocity of the air in the rotating drum the coarser 
particles of rock are deposited here. The drum is equipped with a hehcal 
conveyor and a series of lifters which pick up these coarse particles, as well 
as the natural discharge from the mill (including both coarse and fine rock), 
and drop them through the current of air which carries the finer particles 
to the collector. The coarser material drops into a rotating hopper which 
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discharges into a return air pipe passing axially through the drum. The 
air freed from its burden of finely divided rock in the cyclone collector is 
returned through this pipe at a velocity sufficient to blow these coarse 
particles back into the mill to be reground. The Hardinge Mill is illustrated 
in Figure 6. 

The Ra 5 ntnoiid Roller Mill. One of the most popular mills in general 
use today is the Raymond Roller Mill (Figure 7) which is a completely 
suspended roller-type of mill for grinding and classifying materials to a 


{Courtesy of the Hardinge Company, Inc.) 

Figube 6. The Hardinge conical ball mill. 


uniform degree of fineness in an enclosed, dustless system. It is built in 
two types, known as the low-side and high-side mills. The grinding, con- 
veying and collecting systems are the same in both types. The low-sid€ 
min is generally used where a moderate fineness is required or when it is 
not necessary to frequently change the fineness of the finished product. 
Changes in the fineness can be made within certain limits by altering the 
position of adjustable vanes which rotate with the spider carrying the roUer 
forward; also by means of a sleeve which extends down into the separating 
chamber. This mill is shown in Figure 7. 

Generally speaking, for grinding up to a fineness of about 75 to 80 per cent 
200-mesh screen, the low-side mill will perform in a very efficient manner. 
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The high-side mill is equipped with what is called a whizzer separator, an. 
element which, in a general way, resembles a wheel with spokes but with- 
out a rim. It rotates in a horizontal plane. All of the ground material has 
to pass between the spokes, or whizzer blades. Due to the rotation of this 


(Cowies}/ of Raymond Pidmnzer Company) 

Figure 7. Raymond low-side roller mill equipped with air-drying system. 

whizzer element, a centrifugal force is set up which throws the coarse 
particles to the periphery where they drop back to the grinding surfaces 
for further grinding. The higher the speed of the whizzer blades the greater 
is the centrifugal action, so that more particles are returned to the grinding 
surfaces and the finer particles become the finished product leaving the 
mill. Since the rpm of the whizzer can be .changed through a variable 
speed device in a few minutes, the fineness of the finished product can be 
quickly adjusted. 
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The mill is equipped with an automatic feeder and a feed control so that 
a maximum output of the mill can be maintained at all times. The control 
is actuated by the air flow through the mill and if there is a tendency for 
the mill to overload, a change in the air flow causes the control to decrease 
the rate of feed to the mill. 

No extraneous classifiers or screens are required. In many installations 
neither elevators nor conveyors for the pulverized material are required, 
since the circulating air can often discharge the pulverized material through 
a cyclone collector directly into the bins holding the finished product. 
Where the rock arrives wet or is exposed to rainy weather the mill can be 


Table 4. Capacities on Florida Phosphate Rock 
(Tons per hour) 


Fineness 

Jjf5048*, 

#S448t 

ijf6058j 

» 6669 ^ 

73612 If 

50% 

200 

6.5 

8.25 

12.0 

20.0 

28 

55% 

200 

6.0 

7.5 

10,5 i 

17.0 

25 

60% 

200 

5.5 

7.0 

10.0 

15.5 

23 

65% 

200 

5.0 

6.25 

8.75 

14.5 

22 

70% 

200 

4.75 

6.00 

8.50 

14.0 

21 

75% 

200 

4.15 

5.25 

7.5 

12.0 

18 

80% 

200 

3.50 

4.25 

6.0 

10.0 

15 

85% 

200 

3.25 

4.00 

5.5 

9.0 

13 

90% 

200 

2.75 

3.25 

! 4.5 

! 8.0 

11.5 


* 5084, high -side roller mill, 4 rollers. 

t ^5448, high -side roller mill, 4 rollers. 

t ?^^6058, super roller mill, 5 rollers. 

§ ^^^6669, super roller mill, 6 rollers. 

^ ^73612, super roller mill, 6 rollers. 

equipped with drying accessories so as to receive hot gases from a furnace 
which dry the rock while it is being pulverized and conveyed. 

Table 4 shows the capacity of five sizes of Raymond mills on Florida 
rock and the output of the mills at different finenesses on a 200-mesh screen. 
The corresponding finenesses on other screens are shown in Table 5. These 
figures may vary somewhat depending on the grade of rock and on the 
refractory impurities contained, such as silica sand^®. 

Table 6 shows the total power requirements for the various sizes of 
Raymond mills and the necessary auxiliary equipment, including motors 
for feeder, fan and air separator. Table 7 gives the power consumption in 
kw-hours per ton of rock when ground to various degrees of fineness in 
mills of the sizes shown in Table 4. 

Table 8 gives the estimated cost of an installation in place. These figures 
will vary, depending on the locality or country in which the installation 
ismade. 



SUPERPHOSPHATE, ITS MANUFACTURE AND PROPERTIES 253 


Taslk 5. Pekcentages THRotJOH Various Screens 


—200 mesh 

—100 mesh 

—80 mesh 

—60 mesh 

—40 mesh 

50 

73 

80.5 

91.5 

98.2 

55 

77 

85.0 

94.0 

99.1 

60 

82 

88.0 

96.0 

99.8 

65 

86.5 

90.5 

97,6 

99.92 

70 

89.5 

94.0 ‘ 

98.7' 

, 99.96 

75 

93.0 

96.5 

99.3 


80 

1 95.0 

97.5 

99.6 


85 

1 97.0 

98.7 

99.8,. 


90 

98.6 

99.5 i 



95 

99.5 

99.8 I 

I , i 



Table 6. Total Power Requirements 




Mill Size , 



§sus 

#6058 ' 


#73612 

Motors required: 

h-p 

h-p 


h-p 

For mill. . . .... . . 

100 i 

150 i 

. ‘^50 

■ , 350 

For fan. ......... 

60 1 

■ ■■ 75 ■: i 

100 

■■ 150 

For separator. . . . 

10 1 

: ■ 10 ■■ i 

10 


For feeder 

■ ■ 1 


■■■ 1'. 1 

.. 1.'' 

, . 2~1 ■■ ' 


Table 7, Power Consumption (kw hbs per Ton) 


Fineness of Rock 

. Mill Size 

■ #5448 

#6058 

.#6f}09 

#73612 

50% 200 

; 15.5 

14.5 

13.75 

13.5 

61% 200 

16.5 

16.5 

14.75 

14.0' 

75% 200 

22.5 

21.0 

20. (H) 

19.0 

80% 200 

-27.0 

25.0 1 

23. m) i 

22.5 ^ 

90% 200 

1 37.0 ' j 

35,0 

32. <K) 

30.0 


Table 8, Cost op Installations 



#5448 

#6058 

#666!) 

Price of mill ................... 

ril.OOO 

4,000 

4,5(K) 

1,(XX) 

$27,000 

5,000 

5,000 

$.33,000 

Price of motors . 

N,(H)0 

Foundations and erection . ..... 

: 5,500 

Miscellaneous costs . ........... i 

1 ,.500 

2,000 



Total cost in place ....... 

$30,500 : 

$38,500 

s$18,500 
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The figures in Table 9 are based on the operation of a No. 6058 mill, 
which is considered an average-size mill. The cost of grinding in smaller 
mills will be somewhat higher and similarly the cost in the larger mills 
will be less. 

The labor involved in the operation of a large mill or several mills is 
about the same as that required for a small single unit. Therefore, the 
cost of labor required per ton of product is considerably less for the larger 
installations. 

Depreciation is based on the fact that it might be desirable to write 
off the mill in ten years, although many of these mills are still in use after 
30 years of operation. The power cost is based on a rate of one cent per 
kw-hour, and the labor cost on a rate of $1.50 per hour. Since these rates 


Table 9. Cost op Operation 



Fineness Through 200 Mesh 

50% 

60% 

70% 

80% 

90% 

Depreciation per ton 

$0.08 

$0.10 

$0.13 

$0.17 

$0.22 

Interest on investment* 

.03 i 

.04 

.05 

.07 

.09 

Maintenance. 

.06 

.08 

.10 

.13 

.16 

Power 

.15 

.16 

.18 

.25 

.35 

Labor 

.13 

.15 

.20 

.25 

.34 

Miscellaneous costs 

.02 

.03 

.05 

.08 

.12 

Total cost per ton 

$0.47 

$0.56 

$0.71 

$0.95 

$1.28 


* Less interest earned on depreciation reserve. 


may vary in different localities, the cost figures in Table 9 can be cor- 
respondingly changed. 

Generally, the additional drying accessories increase the cost of a mill 
by about 20 to 30 per cent, and where the moisture content of the rock 
does not exceed 4 to 5 per cent the extra cost of drying may amount to from 
15 to 20 cents per ton, the exact amount depending on the type and price 
of the fuel used. 

The Mixing of Phosphate Rock and Sulfuric Acid 

Since the manufacture of superphosphate is essentially a chemical proc- 
ess, the thorough commingling of phosphate rock and sulfuric acid is 
absolutely necessary to obtain a complete reaction and the maximum yield 
of available P 2 O 6 . Unless this mixing operation is efficiently performed a 
considerably larger quantity of sulfuric acid may be used than is actually 
required to effect the decomposition of the mineral. As a result the product 
will have a high content of free acid, be in poor mechanical condition and 
difficult to handle. 
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In the batch process the general procedure is to charge shnuitaneously 
into a mechanical mixer a definite weight of finely ground phosphate rock 
and a predetermined quantity of sulfuric acid. It is the practice of some 
operators, however, to charge the rock first and add the acid to the mineral; 
others prefer to run the acid in first and add the rock to the acid. 

In the opinion of the writers the materials should be either introduced 
simultaneously or the rock added to the acid, otherwise the finely ground 
rock is apt to ball up and make it difficult to obtain a uniform mixture 
within the few minutes available before the mass sets. 

There are a number of efficient mechanical agitators on the market, but 
nearly all of those used in the United States are known as the pan mixer 
which revolves on a vertical axis and has stirring devices which also revolve 
on their vertical axes within the pan but in the opposite direction to insure 
efficient agitation. Such mixers are manufactured by the Stedman Foundry 
and Machine Works. This type of mixer is usually designed to take care 
of two tons of material per charge and may be briefly described as follows: 

A covered cast-iron revolving pan 8 feet in diameter and 2| feet in depth 
is carried on ball bearings around its outer circumference. The pan is 
driven by pinions at a rate of from 4§ to 6 rpm. There is a center discharge 
opening in the bottom of the pan 18 inches in diameter which is closed by 
a steel plug fitting into a removable ring. The plug is raised by a lever 
which simultaneously lowers the scraper into the pan wheu the material 
is discharged. 

The pan is equipped with two mechanical agitators or stirring devices 
which consist of hea\y east-iron spiders having 4 arms fitted with steel 
plows. The tips of these plows are renewable. The stirrers are driven by 
beveled gears at the rate of 50 to 60 rpm. The pan mixer requires 7| h-p 
for its operation. 

The cover of the pan is stationary but fits close to the revolving rim 
and is so constructed that the fumes evolved cannot readily escape. Ail 
parts which are subject to wear or corrosion can be readily removed and 
replaced. A view of such a mixing pan is shown in Figure 8. 

In operating this type of mixer, the weighed or measured charges of 
phosphate rock and sulfuric acid are run into the pan and agitated for 
a period of from one to three minutes. Before the mass sets up, a lever 
is pulled which simultaneously raises the center plug and lowers the scrap- 
ing device, ejecting the material into the den immediately below the mixing 
pan. The plug closing the opening in the pan is then lowered into place, 
the scraper raised, and the pan is ready for another charge. 

While this type of mixer is operated on the batch principle, the operators 
become quite skilled in its manipulation and lose so little time that the 
procedure has almost the advantages of a continuous process. For example, 
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when the finely ground rock has been introduced into the pan, and the 
acid is being mixed with this mineral, the operator weighs out a new charge 
of rock and when the material is being discharged, he starts to weigh the 
next charge of acid. An experienced operator can mix as high as 40 tons 
of superphosphate per hour. 

The larger superphosphate manufacturers either use two such mixing 
pans, each of which serves a separate den, or a single mixing pan mounted 
upon a carriage which can be moved from one den to another. 

In recent years continuous mixers have been developed in connection 



{Courtesy of Stedman’s Foundry and Machine Works) 

Figube 8 . Two ton mixing pan for the manufacture of superphosphate. 

with the Broadfield and Sackett processes. These are subsequently dis- 
cussed. 

Development op the Den System 

In the early years of the industry it was customary to mix phosphate 
rock and sulfuric acid in vats and then discharge the mixture onto an open 
pile where it was allowed to age and dry. This open-dump method con- 
tinued for many years among smaller producers, particularly in the South- 
eastern states. The method was crude and inefficient, one of its drawbacks 
being that the heat of reaction was quickly dissipated which retarded th#^ 
curing and dr3ring of the product. Another objection was that in the vicin- 
ity of large towns and farming communities the fluorine fumes evolved 
during reactions created a health hazard and a potential danger to plant 
and animal life. This system has been replaced universally by the closed 
chamber or den method which promotes a speedy reaction between the 
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rock dust and acid, resulting in the production of a dry, porous type of 
superphosphate. 

The first dens were constructed almost entirely of wood. Then, to pro- 
long their period of usefulness, they were lined with brick. In time this 
type of construction was generally replaced by rectangular concrete dens 
and cylindrical silos with greatly enlarged capacities, (100 to 300 tons). 

Since many of the superphosphate factories in this country have been 
installed for some time, the ordinary box-like den constructed of wood or 
reinforced concrete and having no mechanical device for removing the 
product is still in use. These box-like dens were originally designed to hold 
from 20 to 50 tons of material and are so constructed that one side can be 
raised or removed when it is desired to excavate the material. They usually 
have a slot 18 inches in width running through the center of the bottom, 
which is closed when the den is being filled but which is opened to lemove 
the material. Either a pan or belt conveyor is located directly under this 
slotted opening onto which the product is discharged and conveyed to 
storage. 

The silo-type of den is built like a cylindrical tower of reinforced con- 
crete with a removable top. In excavating such dens a crane equipped with 
a clam shell bucket is used. The crane-type plant, however, is costly, and 
the dropping of the bucket onto the column of freshly prepared super- 
phosphate tends to pack the material, necessitating subsequent disinte- 
gration. This is being gradually replaced by mechanical dens and ex- 
cavators. 

Mechanical Dens and Excavators 

The more modern factories have installed mechanical dens and exca- 
vators, the object of which is not only to facilitate the removal of the super- 
phosphate from the reaction chamber but to aerate or partially cure the 
product. 

One of the first mechanical dens in Europe was the Keller and this was 
followed by the Milch, Wenk, Forbis, Svenska, Beskow, Sturtevant, Max- 
well, and others. The Keller was a sort of excavator that could be inserted 
into an existing den. It consisted of a strong framework with a set of 
traveling scrapers which pulled the superphosphate to the mouth of the 
den. 

The Milch den comprises a steel cylinder like a boiler shell mounted on 
wheels which is propelled forward toward a revolving knife by means of 
screws on each side of the cylinder. The bottom of the den has a series 
of hinged doors through which the superphosphate drops onto a conveyor 
as it is cut by the knife. When the mass is completely discharged from the 
den the screws are reversed, putting the den back to the charging position. 
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These dens have a capacity of about 30 to 60 tons and are said to be oper- 
ated very economically. 

The Wenk den, which is used extensively in France, is a horizontal 
cylinder lined with acid-proof bricks into which a cutter travels the reverse 
manner to the Milch. When the den is full the cutter, which is mounted 
on a carriage, travels on rails moving in a slot in the bottom of the den. 
The superphosphate is discharged onto a conveyor belt which runs below 
the carriage. A Wenk den 6 meters long, 3 meters in diameter holds about 
40 tons and requires approximately 2 J hours to excavate. 

In both the Wenk and the Milch type dens the cutting knives revolve 
at about 30 rpm and shave off only a very thin slice. The action reduces 
the superphosphate to a fine powder, permitting it to dry and cure in a 
short time. 

The Svenska ^‘Den.” The Svenska den, developed in Sweden but used 
to some extent in the United States, comprises a rectangular brick cham- 
ber. The front end consists of a door or gate (the full width and height of 
the den) which is raised and lowered by mechanical means. The discharging 
device consists of a vertical steel plate or piston which is drawn up close 
against the movable rear wall when the den is being filled, but which is 
pushed slowly forward by means of four mechanically operated screws 
when the den is ready to be discharged. When the den is filled with a 
mixture of phosphate rock and sulfuric acid it is permitted to react for 
15 to 20 minutes, after which it is usually sufficiently set up to be removed. 

The gate of the den is then raised and the discharging device or piston 
pushes 'the block of superphosphate slowly forward against a mechanical 
cutting device which crumbles or shaves the material, allowing it to drop 
into the boot of an elevator. It requires about 3 minutes to empty the den. 
The elevator carries up the partially disintegrated product and drops it in 
a continuous stream into chutes which lead to a device called the rasper 
set into the top of a concrete silo. This rasper consists of a fan-like cutter 
revolving at high speed on its vertical axis. The material falling through 
the blades of this cutter is further disintegrated and aerated and drops 
into the silo below. After remaining in the silo for approximately 12 hours, 
it is removed and claimed to be ready for shipment. The Svenska system, 
as far as the discharging and disintegrating equipment is concerned, ap- 
pears to be quite satisfactory but immediate storing of the disintegrated 
material in silos for curing has certain disadvantages. These silos contain 
a long column of material which has not fully reacted. The lower part of 
the column is hence subjected to heavy pressure which tends to pack the 
superphosphate and nullifies to some extent the advantages gained in 
disintegrating the product with the rasping device. A diagram of this den 
is shown in Figure 9, 
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The Forbis Den. The Forbis den is a rather expensive piece of equip- 
ment and occupies a large amount of space. There are only a few instala- 
tions in the United States. This den is circular in form, the den proper 
consisting of an annular concrete ring 8 feet across. The walls of this ring 
are 8 inches thick and 13 feet high. The total diameter of the circle is 40 
feet but the center space is hollow and no material is discharged into it. 
The den is so constructed that the annular chamber revolves slowly on its 
vertical axis, but the top remains stationary, being suspended just above 
the den and sealed to prevent the escape of noxious fumes. The den re- 
volves upon rollers which run upon a circular track and the movement of 
the den is at the rate of two inches per minute. Upon the top of the den 



is mounted the mixer which is of the pan-type previously described. The 
weighing devices for acid and rock are suitably mounted above this mixer 
Two flues are provided, one for removing the gaseous fumes from the mixer 
and another which takes care of the gases evolved from the den, 

A combined cutting device and excavator is also mounted on this plat- 
form or cover and extends down into the den, shaving off thin sections of 
the porous mass, elevating it, and dumping it into cars for removal to the 
storage pile. This excavator is sq spaced from the mixer that it cuts and 
removes only the superphosphate which has been in the den for the longest 
period of time, the speed of the apparatus being so regulated that the 
material excavated is at least 8 hours old. The installation at one of the 
plants in a southern state produces 270 tons in 9 hours or at the rate of 30 
tons per hour. 

Whereas the Forbis den is very large and costly, the power consumption 
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is relatively low. A 5 h-p motor is required to operate the den or a total 
of 50 h-p for the den, conveyor, and elevator. 

The Sturtevant Den. The mechanical den designed by the Sturtevant 
Company for the rapid manufacture and curing of superphosphate is 
favored by a large number of manufacturers in the United States. While 
it lacks the advantage of being a continuous process such as the Broadfield 
type, its simplicity and upkeep is such that it has much to recommend it. 
It consists of a rectangular chamber having a concrete base and wooden 
side walls which are hinged at the top to allow them to swing outwardly 
when the den is being excavated. When the den is being filled, however, 
these side walls are fastened at the base by wedges and held in place until 
the block of superphosphate sets sufficiently to stand alone. The den may 
be constructed so that the concrete base moves forward into the cutting 
device or the base may be rigid so the cutting device moves into the block 
of superphosphate after the side walls of the den are swung outward pre- 
paratory to excavating the product. 

The excavator, which is directly in front of the den, consists of a circular 
steel framework bolted to a vertical shaft and carrying a systerd of aerating 
fans and a series of cutting knives arranged in staggered relation to one 
another. The front end or door of the den is suspended by counter-weighted 
chains from a rigid superstructure which also carries the weighing devices 
and the mixer for the acid and the rock. 

In filling this den the front door is lowered and the sides fastened at the 
bottom by wedges to prevent their swinging outward. The den is then 
filled in the usual manner with weighed charges of acid and phosphate 
rock which have been thoroughly stirred, and the material is allowed to 
set for 20 minutes. The front door is then raised, the wedges removed from 
the lower end of the side walls allowing them to swing free, and the block 
of superphosphate either pushed forward into the cutter or the cutter moved 
slowly toward the superphosphate according to the type of den best suited 
to space conditions in the factory. The excavator cuts its way into the 
mass shaving off thin sections, which are at the same time aerated by the 
fan-like blades carried on the excavator. The disintegrated phosphate falls 
upon a conveyor at the side of the apparatus or into the boot of an ele- 
vator from whence it is discharged into ears which convey it to storage. 
The Sturtevant^ den and excavator are illustrated in Figure 10. 

The Oberphos Process . 

This process was a radical departure from the conventional den naethod. 
The primary aim was to improve particle size, dryness and hygroscopicity 
of the superphosphate, and it was successful in producmg a granular 
free-flowing, non-setting product of superior handling and mixing qualities. 
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The process was developed under the sponsorship of G. Ober and Sons Co., 
in Baltimore, Maryland, in the late 1920’s“. 

The process may be briefly described as follows: Weighed charges of 
acid and rock dust are simultaneously forced into an evacuated rotating 
autoclave. The valves at both ends of the autoclave are immediately closed 
and steam introduced directly into the charge to raise the temperature of 
the mass to 300°F and the pressure to 90 psi. 


{Courtesy of Sturtevani Mill Company) 

Figube 10. Sturtevant mechanical den and excavator. 


The mixture of acid and rock dust is digested under pressure for a period 
of 20 minutes. The pressure is then released and the material dried under 
a vacuum of 28 inches for 30 minutes. The machine is stopped while the 
manhole at the center of the autoclave is opened, the autoclave again 
started and the product automatically discharged in the form of small 
balls or pellets. The main objection to the Oberphos process is the heavy 
capital investment required for a limited output. A plant with a single 
autoclave of the size described produces about 5| tons of superphosphate 
per hour, whereas an ordinary plant equipped with a two-ton pan mixer 
and Sturtevant den can produce from 30 to 40 tons in the same length of 
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time. The Davison Chemical Company of Baltimore, Maryland, acquired 
the properties of G. Ober and Sons, Co., and is now producing granular . 
superphosphate by a modification of the Oberphos process, described sub- 
sequently in this chapter. 

Continuous Superphosphate Processes 

The advantages of continuous processes for manufacturing superphos- 
phate were long recognized, but have only been developed on a commercial 
scale within the past twenty years. In Europe such systems are represented 
by the Maxwell, Nordengren and the Moritz-Standaert processes, the 
merits of which are discussed by Parrish and Ogelive^^. In the United 
States continuous systems have been developed known as the Broadfield 
and Sackett processes. 

The Maxwell Process 

In the Maxwell process the carefully proportioned charges of rock dust 
and acid flow continuously into a trough-like mixer and the resultant 
slurry discharges into an unique type of den which resembles a large 
upright automobile tire (19' external diameter and 5'6" in cross section) 
built of cast iron and slowly revolved at the rate of 1 revolution every 
four hours. 

The slurry of rock and acid enters the lower part of the trough formed 
by this tire and as the superphosphate sets it is carried upward. When it 
reaches the uppermost position, it is excavated by means of a revolving 
cutter, drops into a chute and hence onto a conveyor which takes it to 
storage for final curing. A suitable duct connected with an exhaust fan 
draws off the fumes. The capacity of such a den is rather low (about 5 
tons per hour) and the power requirements per ton of product appear 
rather high. 

The Nordengren Process 

This is a continuous-type process developed in Sweden. The inventor 
claims it has a greater uniformity of operation and lower power consump- 
tion than any other process. It is unique in that the mixing is done in two 
stages and in two separate mixers. All of the acid of 60°B4 needed for the 
conversion of a predetermined amount of phosphate rock is introduced into 
the first of the two mixers, but only a portion of the rock. Apparently the 
purpose of the excess acid in the first stage is to maintain the mixture in 
the form of a Murry so as to convert the maximum amount of the phos- 
phate into phosphoric acid. After the sludge is thoroughly mixed it is" run 
into the second mixer where the remainder of the phosphate rock is added. 
The inventor stresses the importance of weighing the rock dust accurately 



SUPERPHOSPHATE, ITS MANUFACTURE AND PROPERTIES 263 


in order to obtain a product of uniform quality. The mixture then flows 
from the second mixer into a rectangular-shaped den having fixed walls, 
back and sides but the floor of which consists of a conveyor constructed 
of steel plates. A horizontal scraping device at the discharge end of the 
conveyor is used to shave off the block of superphosphate. A Nordengren 
installation is compact; a 404on per hour unit will occupy a floor space of 
18 by 6 meters. 

The Moritz-Standaert Process 

This continuous-type process closely resembles the Broadfield method, 
except in its den construction. The product it turns out contains, like the 
Broadfield, only 10 to 11 per cent moisture. A typical unit has a capacity 
varying from 12 to 25 tons per hour and a higher strength acid than ordi- 
narily used is required in its operation for a desirable dry-end product. 
The mixer consists of a “XJ’' shaped trough provided with stirring paddies 
which rotate in opposite directions. The rock dust is measured by volume 
and enters one end of the mixer in continuous flow, while the acid is fed 
continuously through a graduated tube. As the paddles mix and knead the 
mass they slowly move it toward the outflow and into the den below. 

The den (lined with concrete) is cylindrical and revolves around a central 
axis. A fixed platform tops the den and supports the mixing and cutting 
devices. A cast-iron plate is attached to the platform to divide the den 
between the mixing and excavating device and its presence serves to pre- 
vent freshly mixed material from running back to the cutter which lies 
behind the mixer. 

The superphosphate moves around in the annular space in the container 
formed between the concrete wall and the cast-iron central mandrel, 
toward the sheer. The superphosphate hardens during the slow rotation 
of the den and forms a ring which comes in regular contact with the rotating 
cutter. The shavings drop onto a conveyor in fine, uniform sized particles. 

A powerful suction fan carries off the gas and steam evolved by the 
chemical reaction. This fan, which creates a draft of about 1300 cubic meters 
of air at 110°F per ton of superphosphate produced, helps greatly to pro- 
duce a superphosphate of low-moisture content. 

It is claimed one man can look after this process and still have time to 
supervise the grinding mills. It is designed so all the controls are centralized. 
Power consumption is small; a 20-tons-per-hour operation consumes a 
total of 1.0 kw-hour per ton of superphosphate made. The Moritz den is 
shown in Figure 11. 

Broadfield Process 

The Broadfield self-contained unit is an American invention for the 
manufacture of superphosphate by a continuous process. The equipment 
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required may be briefly described as follows: 

A bucket elevator carries the finely ground phosphate rock up to a 
hopper which is kept full at all times while the plant is in operation. Any 
excess of rock dust is returned to the boot of the elevator. From this rock 
hopper the finely ground material drops into the pockets of a rotating 


Figure 11. Moritz den for the continuous manufacture of superphosphate. 

feeding device; the rate of feed is controlled by the speed of the rotating 
device and also by the size of the pockets. 

The feed for the sulfuric acid consists of a tank in which a constant 
head is maintained by pumping acid to this tank and returning the over- 
flow to the supply tank. The rate of flow from tflis feeder is regulated by 
the size of the orifice in the end of the pipe leading to the mixer. The size 
of this orifice is adjusted in turn by cementing glass tubes of different 
bores into the end of this pipe. One of the features of the latest design 
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feeder is its ability to feed at a umform rate regardless of the wear of the 
mechanical parts. 

The acid and rock dust are fed simultaneously and continuously into a 
mixing device consisting of a cast-steel trough, l-i feet in length, 2 feet 
deep, and 2 feet inside diameter. Through the entire length of this mixer 
is a horizontal shaft rotated at a speed of 170 rpm; fitted around this shaft 
is a series of mixing blades so designed that some of them advanee the 
slurry of rock and acid toward the far end of the trough, while others tend 
to hold the material back. There is a hood over the mixer with a fine lead- 
ing to a series of towers fitted with water sprays through which the evolved 
gases are drawn by means of an exhaust fan. 

The thoroughly mixed material is discharged from the mixer into a 
mechanical den which consists of a slow-moving conveyor (3 feet wide and 
30 feet long) originally composed of wooden slats, but now replaced by 
steel slats. The side walls of the den are also made up of slats and these 
walls move at the same speed as the conveyor so that the partly set up 
superphosphate does not drag along these walls. The slats of the conveyor 
or floor extend beyond the walls of the den and haye blocks fastened to 
their ends to serve as guides for the den walls. A suitable top fitted with 
a flue which leads to the absorption towers serves to keep the fumes evolved 
in the den from escaping into the plant. The den or conveyor moves at 
the rate of 4 feet per minute so the material remains in this reaction cham- 
ber for about IJ hours. 

At the far end of the den the material discharges into a rotating cutting 
device fitted with staggered blades which shave off the superphosphate 
and drop it into the boot, of an elevator. The elevator in turn discharge 
the disintegrated superphosphate into side dump cars which carry it to 
storage. An assembly plan of the Broadfield continuous den is shown in 
Figure 12, and views of the mixer and discharge end of the den are shown 
in Figures 13 and 14. 

Sackett Super-Flow Process 

This continuous method of manufacturing superphosphate is a fairly 
recent development. Its most striking feature is the manner in which the 
initial mixing of the phosphate rock and sulfuric acid is effected. The process 
and the equipment employed may be briefly described as follows: 

The finely ground phosphate rock is discharged from a silo-type storage 
bin into a screw conveyor and hence into a bucket elevator. The latter 
delivers the ground rock to a continuous weighing machine through feeders 
so designed that there will be no uneven flow or sudden surges of the pul- 
verized rock which interfere with accurate weighing. The scales are set 
to supply continuously 25 tons of rock per hour and are sensitive to within 





Figtjee 12. Broadfield continuous superphosphate den. 
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1 per cent of the prescribed weight. An automatic device^shuts off both 
the rock and acid feeders if the plant is not receiving its proper quota of 
either rock or acid. 

After being weighed the finely ground rock is fed into a bucket elevator 
which discharges into the top side of a horizontal steel duct through which 



Figuhe 14. Broadfield process for producing superphosphate. Discharge end of 
continuous den showing cutters. 

air is forced. This air current carries the rock dust forward and introduces 
it tangentially into the upper side of a cylindrical rubber-lined acidulating 
tower. 

The sulfuric acid (having a concentration of 56°B4) is pumped to this 
acidulating tower through a stainless steel atomizing nozzle set in the 
center of the top of this tower; the quantity of acid and rate of delivery 
are carefully controlled by a flowmeter. The atomized acid forms a spray 
cone having a 60° included angle and this spray penetrates the cyclonic 
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{Courtesy of Sackett <fe Sons Company Baltimore, Maryland) 

Figure 15, Plant layout and flow sheet of the Sackett “Super Flow” Process 
for the contmuous manufacture of superphosphate. 
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turbulent cloud of rock dust facilitating thorough and rapid mixing of the 
two ingredients. 

The resultant superphosphate in the form of a thin slurry drops to the 
bottom of the reaction chamber and is discharged continuoiisiy into a 
supplementary mixer or puddier consisting of a rubber-lined trough 
equipped with a horizontal central shaft to which are bolted propelling 
flights for kneading the material and conyeying the rapidly thickening 
product to the den. An aspirator serves to draw off the gaseous fluorine 
compounds evolved in this mixer through a suitable duct. 

The den or so-called solidifier into which this second mixer discharges 
consists of a completely housed slow-moving channel-like conveyor made 
up of U-shaped plates. A suitable vent is provided for the escape of aiiy 
residual fluorine gases. At the far end of this mechanical den or conveyor 
a rotary helical cutter serves to disintegrate the superphosphate. The dis- 
integrated product, is elevated, fed upon a belt conveyor and distributed 
on a storage pile. The product has a hard porous grain structure that 
minimizes subsequent set and facilitates handling and distribution. 

The inventors claim that this process offers substantial economies in 
both labor and power consumption. They state that three men can operate 
a 45 ton per hour plant with a power consumption of only 1.12 kw-hour 
per ton of finished product as against a crew of 10 to 12 men and a power 
consumption of 1.75 kw-hours for a plant of equal capacity employing the 
batch process. 

A flow sheet of the Sackett process is given in Figure 15. The reader is 
referred to an article by Demmerle and Sackett^ for a more detailed de- 
scription of the various steps involved. 

Curing, Drying and Granulation of Superphosphate 

Superphosphate excavated frpm the den within 1 to 24 hours has a 
temperature well above the boiling point of water (110 to 120°C) but the 
product has not reached equilibrium and still contains appreciable per- 
centages of free acid and some residual or unconverted phosphate rock. 
In order to reduce the free acid to a minimum and convert the maximum 
amount of PxOg into an available form, the product is conveyed to huge 
storage piles for final curing, which requires from 2 to 4 weeks depending 
on the nature and proportions of the raw materials used and the manu- 
facturing conditions. 

Whereas freshly prepared den superphosphate quickly attains an initial 
set, there is still the tendency to form crystallized monocalcium phosphate 
and limited quantities of crystallized calcium sulphate or gypsum which 
cause the product to again set in the storage pile. 
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In order to minimize this set and prevent the product from becoming 
too hard during the final curing period, it is customary to aerate the product 
as soon as the superpfiosphate is removed from the den. This is done by 
dropping the material from a considerable height either by means of dump 
cars located on an elevated track near the top of the storage building or 
by dropping it from a crane bucket. In falling from a height ranging from 
10 to 50 feet the material not only breaks up, but spreads out in relatively 
thin layers which facihtates the escape of water vapor and tends to cool 
the freshly prepared product. 

The storage buildings are usually so designed that the superphosphate 
which has been cured for the longest period of time is the most easily 
accessible for shipment; for instance, in one of the more successfully oper- 
ated plants in Baltimore, the storage shed, which is of the Frame” 
type, is filled by means of side dump cars holding approximately 5 tons 
product. These cars are loaded from hoppers into which the elevators 
serving these dens discharge the freshly prepared superphosphate. The 
cars are then run out upon elevated tracks (which extend the full length 
of the storage building) and discharge the material on the storage piles. 
To facilitate shipment of the product, this company stores the super- 
phosphate in two piles. A lane or free passage is maintained between the 
piles and when the superphosphate plant is operating, the material exca- 
vated from the den is dumped close to the free lane or passage; as this 
space becomes filled, the cars discharge their loads further and further 
back toward one end of the building until nearly half of the storage building 
is completely filled. 

A similar pile of superphosphate is then built up on the other side of the 
free lane or passage until the other half of the storage shed is filled. In this 
way the superphosphate which borders the free lane or passage has been 
aged to a greater extent than that further back, and when the time comes 
for shipping the product, this cured material is removed first. 

In crane-operated plants, however, where grab-buckets can be moved 
the full length of the storage shed, it makes little difference where the 
freshly prepared superphosphate is stored, provided care is taken not to 
mix it with the aged product. 

The excavation of the cured product preparatory to shipping is accom- 
plished in several ways. One method consists in using small, easily operated 
steam shovels which cut into the pile and discharge their load into gasoline 
or electrically operated cars on the ground level of the storage shed. These 
small cars dump their loads upon a 3-inch steel grating which covers the 
pit of an elevator. Any large lumps are broken up by pick and shovel and 
passed through the steel grating along with the fine material. The elevator 
then carries the partially disintegrated product to the upper part of the 
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building where it is discharged into a hopper which feeds a disintegrator 
either of the hammermiil or cage mill type. Such mills discharge the dis- 
integrated superphosphate upon inclined screens so that the final product 
contains no material coarser than 6 mesh. All material not passing such 
screens is returned to the mill to be reground. 

In crane-operated plants, a clam-shell bucket scoops up the materia! 
from the storage pile and drops it into a hopper covered by a steel grating 
similar to that used over the boot of the elevator in the type of plant just 
described. From this hopper the product feeds to the mill or disintegratGr 
and finally to the screens. The screened product is then elevated and dis- 
charged into cars which carry it over a trestle to the loading hoppers. 
From these hoppers the product is discharged through spouts directly into 
the holds of vessels or into boxcars located under the trestle. 

At some plants the milled or disintegrated superphosphate is discharged 
from the hoppers upon belt conveyors which lead to the loading platform. 
Here a portable loader piles the material toward either end of the boxcar. 
Where superphosphate is to be used directly upon the soil and not mixed 
with other fertilizer ingredients, the storage hopper for the disintegrated 
product surmounts a bagging machine mounted on automatic scales and 
the product is discharged directly into bags which are weighed, sewed 
and then loaded into cars or into the holds of vessels. 

While burlap bags treated with paraffin are the most widely used con- 
tainers for superphosphate, in recent years, water-proofed paper bags have 
come more and more into favor, and bagging machines for handling this 
latter type of container have been devised which, fill, weigh, and seal 
the bag with a minimum amount of handling. Superphosphate shipped 
in bulk is sold on a run-of-pile basis, which means that the purchaser pays 
for the available P2O5 in the product and does not specify a given analysis. 
Most of the run-of-pile material contains from 18 to 20 per cent of avail- 
able P2O5. Superphosphate shipped in bags, however, for direct applica- 
tion to the field is usually sold on the basis of a guaranteed analysis. This 
analysis ordinarily runs from 16 to 18 per cent of available P2O5. To pro- 
duce such material, the run-of-pile superphosphate may be diluted with 
some inert material or filler to give the desired composition. The fillers 
employed for this purpose are silica sand and dolomitic limestone. The 
latter material has the advantage of neutralizing free acidity without re- 
verting the available P2O5 to an insoluble condition. Free or hydrated 
lime as well as limestone (consisting chiefly of calcium carbonate) must 
be used very sparingly if at all, as these materials tend to convert available 
P2O5 into an insoluble condition. 

Well cured superphosphate, particularly that made by mixing finely 
ground phc^phate rock with relatively concentrated sulfuric acid (54 to 
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56°B4) does not ordinarily require artificial drying. If however, it is de- 
sired to raise the grade of the product by driving off the free moisture and 
even some of the water of crystallization, this can be done without injuring 
the final product provided care is taken not to heat the superphosphate 
too high. 

As discussed in the latter part of this chapter, the bulk of the calcium 
sulfate in superphosphate is present as anhydrite and only minor quanti- 
ties are in the form of either gypsum (CaS04 -21120) or hemihydrate 
(CaS04 -11120). Therefore, heating the product has little or no effect on 
the calcium sulfate other than driving off any free moisture contained 
therein. 

Monocalcium phosphate however is present largely in crystalline form 
(CaH4(P04) * H2O) and this compound loses its water of crystallization when 
heated to 120°C. Moreover, at a temperature of 150°C anhydrous mono- 
calcium phosphate loses some of its water of constitution forming acid 
calcium pyrophosphate. Finally, on heating to a higher temperature the 
acid calcium pyrophosphate decomposes giving up a further quantity of 
water and is converted into calcium metaphosphate. The following equa- 
tions represent these three successive decomposition steps: 

CaH 4 (P 04 ) 2 -H 20 -f- Heat CaH4(P04)2 + H 2 O (1) 

CaH 4 (P 04)2 4- Heat CaH 2 p 207 + H 2 O (2) 

CaH 2 P 207 -f- Heat — >■ Ca(P 03)2 H 2 O (3) 

The two derivatives of monocalcium phosphate shown in equations (2) 
and (3) are only sparingly soluble and in general are not as favorably re- 
garded for fertilizer purposes as monocalcium phosphate. 

Only minor quantities of crystalline dicalcium phosphate usually occur 
in superphosphate but this compound also loses its water of crystallization 
at elevated temperatures. Moreover, further heating of the anhydrous salt 
will cause its decomposition into calcium pyrophosphate, a highly insoluble 
compound having little or no fertilizer value. These successive reactions 
are represented as follows : 

CaHP 04 - 2 H 20 -f- Heat CaHP04 + 2 H 2 O 
2 CaHP 04 + Heat Ca 2 P 207 + H 2 O 

The hydrated phosphates or sulfates of iron and aluminum in super- 
phosphate also lose water at elevated temperatures and no doubt affect 
the availability of the P2O6 in the final product, but the final reactions 
involved are not entirely clear because of the complex nature of these 
compounds. 

It appears to be safe to dry well cured superphosphate at a temperature 
not exceeding 120®C, but freshly made or green superphosphate should 
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not be heated to a point where ail of the free moisture is driven off. By 
eliminating the liquid phase further reaction is arrested and the maximum 
possible solubility of the P 2 O 6 in the superphosphate will not be effected 
even after long curing in the storage pile. 

Granular Superphosphate 

During recent years much attention has been given to the preparation 
of granulated superphosphate®' The advantages claimed for this material 
are as follows: 

(1) Because of its granular nature and fewer points of contact it has less 
tendency to set when stored in large piles or mixed with other fertilijser 
ingredients. 

( 2 ) It is a more highly concentrated product with respect to P 2 O 5 than 
ordinary superphosphate due to its lower moisture content. 

(3) It is easily handled and can be more uniformly distributed in the 
field. 

(4) It releases available PjOs to the soil solution at a rate commensurate 
with crop needs and consequently there is less fixation of the soluble phos- 
phate by the bases in the soil. 

There is ample proof that granulated superphosphate meets the first 
three conditions outlined above and experiments both in the greenhouse 
and in the field have been and are still being conducted to compare the 
relative merits of this granular material with the fluffy, more finely divided 
product obtained directly in ordinary dens. These tests have not been 
altogether conclusive, but there is some evidence that granulation improves 
the utilization of the P2O5 by crops grown on soils of high phosphorus 
fixing power“. 

Whereas the Oberphos process previously described was designed to 
produce a granular product directly, this process has the disadvantage of 
a rather limited production unless a large and costly plant is installed. 

The following processes of granulation are given by Procter^®: 

(1) Pressure and extrusion methods. 

(2) Self-aggregation of particles by moistening, tumbling, and rotary 
drying. 

(3) Flaking or shredding solid or semi-solid materials, followed, if neces- 
sary, by drying and screening. 

(4) Dispersing and cooling a melt. 

(5) Building up granules by layering and drying successive coatings on 
pellets which are mixed in great volume into a suspension of the 
same material in saturated solution. This is known in the United 
States as seeding. 

Of the above process, (2) is the most generally used. This represents 
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a simple principle and is applied at a number of plants in Great Britain 
and at the Curtis Bay works of The Davison Chemical Corporation in the 
United States. Process ( 5 ), developed by the Dorr Company, is being used 
at the Trail, B. C. (Canada), plant of the Consolidated Mining and Smelt- 
ing Company, and at the Mathieson Chemical Company plant in Texas. 

The Davison Process^. This process has been described in detail by 
Mackall and Shoeld^^ It is conducted in two broad steps: In the first step, 
the green den superphosphate is conditioned and granulated by feeding it 
into a slightly inclined rotary steel drum (8 x 40 feet). As the superphos- 
phate enters this drum it is sprayed with sufficient water, (not over 10 
per cent of the weight of the superphosphate), to dampen the material 
sufficiently to cause the formation of globules or pellets as the drum re- 
volves. 

From the far end of the drum or granulator, the product is discharged 
into the cool end of a rotary, direct-fired drier of the same size and con- 
struction as the drum, except that it contains flights to facilitate the drying 
operation. The product is finally discharged from the hot end of the drier 
in the form of hard, dry pebble-like particles. 

Since the size of the granular particles may vary considerably, the product 
is run through a hammermill and then over double-decked vibrating screens. 
All particles coarser than 6 -mesh are reground, while the very fine material 
(—60 mesh) is returned to the system and again granulated. 

This process of granulation is adapted to produce either straight super- 
phosphate or a complete fertilizer mixture. In granulating superphosphate 
it has been found that the warm and moist product direct from the den 
is easier to pelletize than the cured material, but as indicated previously, 
it is highly important in granulating uncured superphosphate that some 
free moisture remain in the' product. Otherwise, further chemical reactions 
will be prevented or greatly delayed and the full conversion of the insol- 
uble P2O6 into an available form will probably never be attained. 

The Chemistry op Superphosphate Manufacture 

The four principal objectives sought in the manufacture of superphos- 
phate are: 

(1) To obtain a product containing the maximum percentage of P2O5 
soluble in the conventional medium (neutral ammonium citrate) desig- 
nated by the American Association of Official Agricultural Chemists as a 
measure of the availability of phosphates. 

( 2 ) To eliminate the maximum amount of moisture whereby the per- 
centage of P2O5 is not only increased but the mechanical condition of the 
product improved. 

( 3 ) To bring about the desired chemical reactions and the drying and 
conditioning of the product so it may be shipped in the least possible time. 
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(4) To employ the smallest possible amount of sulfuric acid to obtain 
the results enumerated above. 

By using high-grade phosphate rock and the most up-to-date mechanical 
equipment the first three objectives have been satisfactorily met, but 
though manufacturers have tried to reduce the amount of sulfuric acid 
necessary to change the phosphate into an available form very little success 
has been attained. 

If phosphate rock were practically pure phosphate of lime its treatment 
with sulfuric acid and the preparation of a uniform product of proper 
chemical composition and in good meehanical condition would offer little 
difficulty. Even the highest grade phosphate rock, however, is not pure 
tricalcium phosphate, hence the sulfuric acid added not only acts upon 
the phosphate of lime but upon the calcium fluoride tied up in the apatite 
molecule, and directly or indirectly upon such impurities as organic matter, 
iron and aluminum compounds and carbonates of lime and magnesium, all 
of which consume a certain amount of acid and form products affecting 
the chemical and physical properties of the superphosphate. Therefore, the 
main reactions involved between sulfuric acid and phosphate of lime as 
well as the minor reactions brought about between this acid and the im- 
purities contained in phosphate rock are described. 

It is generally agreed that the main ingredient of most high-grade phos- 
phate rock is fluorapatite (3Ca3(P04)2*CaF2), a compound in which the 
fluorine is a constituent part of the phosphate molecule. From a practical 
standpoint, however, the phosphoric acid (P2O6) may be considered as 
combined with lime (CaO) as tricalcium phosphate (Ca3(P04)2) and the 
fluorine present in the form of calcium fluoride (CaF2) as a separate com- 
pound or acid consuming impurity. 

Tricalcium Phosphate 

Tricalcium phosphate treated with sulfuric acid is converted into a 
mixture of calcium sulfate and hydrated monocalcium phosphate. These 
two compounds are the chief constituents of ordinary superphosphate. 
This main reaction may be quantitatively represented as follows: 

CaaCPOdu + 2H*S04 + HaO 

Tricalcium Sulfuric Acid TFater 

Phosphate (1 molecule, wt. 18) 

(1 molecule, wt. 310) (2 molecules, wt. 196) 

2CaS04 + CaHdPOda-HaO 

Calcium Mmocalcic 

Sulfate Phosphate 

(2 molecules, wt. 272) (1 molecule, wt. 252) 

The above equation means that in order to change completely 310 parts 
of pure tricalcium phosphate into hydrated (crystallized) soluble mono- 
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calcium phosphate and calcium sulfate (anhydrite), 196 parts of pure sul- 
furic acid and 18 parts of water are required, or 1 ton (2000 lbs) of the 
pure tricalcium phosphate requires 0.63 ton of sulfuric acid diluted with 
0.06 ton of water. Such concentrated acid, however, contains 91.3 per cent 
H2SO4 and its volume is so small compared to that of the solid calcium 
phosphate that it would be impracticable to obtain a uniform mixture 
even if a substantial proportion of the water present were not driven off 
as steam during the ensuing violent reaction. It is customary therefore to 
employ much more dilute acid (from 65 to 73 per cent H2SO4) in order to 
insure a thorough mix and a complete reaction. 

Since superphosphate made with acid of these later concentrations ap- 
peared to be a more or less self -drying product, it was generally be- 
lieved that a considerable quantity of water was combined as gypsum 
(CaS 04 - 21120 ). Hill and Hendricks^ however after examining the x-ray 
patterns of a number of products made in the laboratory as well as typical 
samples of superphosphate manufactured on a commercial scale, found 
that the vast bulk of calcium sulfate was present as anhydrite and con- 
ditions were unfavorable to the formation of gypsum. 

Marshall et al}^ found that both temperature and acid concentration 
have an important bearing on the form of calcium sulfate in superphos- 
phate. Low temperatures and dilute acid favored, the formation of gypsum 
(CaS 04 • 2 H 2 O) , but under ordinary factory conditions where acid having 
concentrations ranging from 65 to 70 per cent H2SO4 (52 to 56°Be) and 
the temperature of the reaction is not dissipated by artificial cooling, 
anhydrite (CaS 04 ) is the normal form of calcium sulfate in the final product. 

If less sulfuric acid is added to phosphate rock than that required to 
completely combine with two-thirds of the lime present, a certain amount 
of dicalcium phosphate is formed, which though not a water-soluble com- 
pound of lime and phosphoric acid, dissolves readily in neutral ammonium 
citrate solution and is generally recognized as available to crops. This 
reaction may be represented thus : 


Ca3(P04)2 4- 

Tricalcium 
'phosphate or B.P.L. 
(1 molecule, wt. 310) 


H2SO4 + 2H2O 

Sulfuric Acid Water 

(1 molecule, wt. 98) (2 molecules, wt. 36) 


CaS04 + 2 CaHP 04 - 2 H 20 

Calcium sulfate Dicalcium phosphate 

(1 molecule, wt. 136) (2 molecules, wt. 308) 


In order to insure a product free from uncombined phosphoric or sulfuric 
acid it is customary in factory practice either to add less sulfuric acid than 
that theoretically required to entirely convert the lime into monocalcium 
phosphate or to dust the superphosphate product with finely ground phos- 
phate rock or limestone. In either case a small quantity of dicalcium 
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phosphate may be formed. Since this compound, however, answers the 
conventional tests for availability and full credit is allowed for such phos- 
phoric acid in marketing superphosphate, it would seem logical from the 
standpoint of economy to employ only sufficient sulfuric acid to convert 
the phosphoric acid of phosphate rock into the dicalcium form. 

With a view to manufacturing this intermediate product directly, re- 
peated attempts have been made to cut the proportion of aeid-to-rock 
normally employed, but very little success has been attained. The final 
product nearly always consists of a mixture of water-soluble monocalcium 
phosphate and residual or undecomposed phosphate rock. 

This result is accounted for by the fact that tricalcium phosphate is 
very readily attacked by sulfuric acid, but the tendency of the reaction 
is to go to an end so that either phosphoric acid or monocaleium phosphate 
is formed. While phosphoric acid is an active reagent, monocalcium phos- 
phate has rather weak acid properties and does not readily react with 
fiuorapatite. Hence phosphate rock so treated always contains a high per- 
centage of insoluble phosphoric acid even after it has been allowed to stand 
for a long period of time. It is entirely feasible, however, to produce di- 
calcium phosphate by treating superphosphate with limestone, or burned 
or slaked lime, and this has often been done where a prejudice exists against 
soluble phosphates because of their acid properties. Such practice, however 
is not economical since it involves additional mixing, handling and the 
further dilution of the final product. The manufacture of dicalcium phos- 
phate from both bone and phosphate rock is discussed in Chapter 19. 

Organic Matter 

Since practically all the phosphates with the exception of igneous apatite 
are sedimentary deposits most of them contain a certain amount of organic 
matter- In the case of our Western phosphates and some of the phasphate 
deposits of Tennessee the content of organic matter is quite appreciable. 
On treatment with sulfuric acid the organic matter is partially oxidized 
and reduces the acid to sulfur dioxide (SO 2 ) and sometimes to hydrogen 
sulfide (H 2 S). This means, of course, a consumption of acid and the evo- 
lution of gases that are not only objectionable but more or less deleterious 
to health. 

The phosphate rock from some of the deposits in the western states is 
often calcined at high temperatures before treatment with sulfuric acid 
but even the ordinary drying operation to which most phosphate rock is 
submitted prior to acidulation, reduces , the organic content appreciably. 
Because of the difficulty in ascertaining in just what form the organic 
matter occurs in phosphate rock it is not possible to predict what amount 
of acid it will consume except by justual trial test. 
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Silica and Silicates 

The chief impurities found in many mineral phosphates are silica and 
silicates. The silica content of certain types of medium-grade phosphate 
rock suitable for the manufacture of superphosphate runs as high as 15 
per cent. The presence of these impurities, however, is not considered 
objectionable except insofar as they dilute the mineral and render it more 
difficult to grind. They do not consume appreciable quantities of sulfuric 
acid. Silica, however, plays an important role in thermal methods of pro- 
ducing phosphorus and phosphoric acid; in fact, advantage is taken of 
their presence to bring about certain desired reactions and thus many 
phosphate deposits so high in silica as to be economically unsuited for the 
manufacture of superphosphate can thus be readily utilized. 

These thermal methods of treating phosphate rock are described in 
Chapter 10. 

Calcium Fluoride 

As previously stated, fluorine is present in virtually all phosphate rock 
combined with lime in the apatite molecule ( 3 Ca 3 (P 04 ) 2 *CaF 2 ). According 
to Jacob et many phosphate deposits contain an excess of fluorine 
over that theoretically required for fluorapatite and this excess is present 
as fluorite (CaF 2 ). Most of the phosphate rock mined in the United States 
and North Africa contains from 3.1 to 4.2 per cent of fluorine (equivalent 
to 6.4 to 8.7 per cent CaF 2 ). 

For practical purposes the fluorine may be considered combined as 
calcium fluoride and the first and main reaction taking place between this 
compound and sulfuric acid may be quantitatively represented thus: 

CaFs H2SO4 

Calcium Fluoride Sulfuric Acid 

(1 molecule, wt. 78) (1 molecule, wt. 98) 

CaS04 + 2HF 

Calcium Sulfate Hydrofluoric Acid 

(1 molecule, wt. 136) (2 molecules, wt. 40) 

Most of this hydrofluoric acid (HF), however, acts upon the silica pres- 
ent in the rock as follows: 

4HF -hSiOa 

Hydrofluoric Acid Silica 

(4 molecules, wt. 80) (1 molecule, wt. 60) 

SiF 4 + 2H2O 

Silicon Tetrafluoride Water 

(1 molecule, wt. 104) (2 molecules, wt. 36) 

The sihcon tetrafluoride, which is a gas, is decomposed in turn by water 
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with the formation of silica and hydrofluosilicic acid, thus: 

3SiFi + 2 HjO 

Silicon Teirafluoride Water 

(3 molecules, wt. 312) (2 molecules, wt, 36) 

SiOs -f2H2SiF6 

Silica Hydrofluosilicic Acid 

(1 molecule, wt. 60) (2 molecules, wt, 288) 

Before this last reaction takes place, however, a considerable amount 
of silicon tetrafluoride escapes as a gas and in treating mineral phosphate 
high in fluorides it is customary to pass the gases through spray towers 
or flues to decompose this compound and absorb the resulting hydro- 
fluosilicic acid. This was done originally because these gaseous compounds 
of fluorine were a menace to the health of the laborers about the plant, 
were injurious to vegetation and a pronounced nuisance to surrounding 
communities. As in a number of other cases where the abatement of a 
nuisance was forced upon the manufacturer, the collection of fluorine gases 
has resulted in the production of valuable compounds. The hydrofluosilicic 
acid thus collected is employed in the manufacture df fluosilicates which 
have wide industrial applications. 

The nature and proportion of the free acids of fluorine remaining in 
freshly prepared superphosphate depend to a considerable extent on the 
concentration of the sulfuric acid employed and the temperatures attained 
during acidulation of the rock. Hill and Beeson* state that hydrofluoric 
acid appears to be the predominant free fluorine acid in fresh superphos- 
phate, although they recognize that small quantities of fluophosphoric 
(H2PO3F) and hydrofluosilicic acid (H 2 SiF«) may be present. 

When sulfuric acid containing only 62 to 65 per cent H 2 SO 4 (50 to 52°B4) 
is used to decompose phosphate rock, only about 25 per cent of the fluorine 
is evolved, the balance remaining in the superphosphate; but with acid 
concentrations ranging from 69.7 to 72.8 per cent H2SO4 (55 to 57'^B4) 
considerably more fluorine is driven off. 

The fact that higher conversions of the insoluble PaOs into an available 
form are often obtained when phosphate rock is treated with less concen- 
trated sulfuric acid indicates that the acids of fluorine remaining in the 
superphosphate have a solvent effect on the residual rock. This slight 
economy in the sulfuric acid requirements however must be balanced 
against the additional H 2 SiF 6 recovered and the higher percentage of P 2 O 5 
in the superphosphate produced where the more concentrated sulfuric acid 
is employed. 

Compounds of Iron and Aliimimim 

Iron and aluminum oxides, either in the free state or combined as phw- 
phates, are objectionable impurities in phosphate rock to be used for 
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superphosphate manufacture^^. Whereas, Jacob et state that it is not 
definitely known whether or not iron and alumina play an important part 
in the formation of citrate insoluble PaOs in superphosphate, it is generally 
believed that these impurities even when present in relatively small quan- 
tities cause a certain amount of reversion in the final product and when 
present in large amounts they are likely to produce a sticky superphosphate 
difficult to handle and distribute uniformly in the field. 

The iron in natural phosphates may be conveniently represented by 
the formula FeP04, although actually some of it may be in the form of 
oxide. The exact reactions which take place when this impurity is treated 
with sulfuric acid are not known, but unquestionably the iron is distributed 
between the two acids (H3PO4 and H2SO4). The general course of the 
reactions, however, is sufficiently well known to justify the assumption 
that they proceed mainly according to the following equations: 

2FeP04 + 3 H 2 SO 4 

Irm Phosphate Sulfuric Acid 

(2 molecules, wt. 302) (3 molecules, wt. 294) 

FesCSOds +2H3PO4 

Iron Sulfate Phosphoric Acid 

(1 molecule, wt. 400) (2 molecules, wt. 196) 

The reaction, however, indicated above is more or less reversible and 
in the presence of water hydrated phosphate of iron is formed as a gela- 
tinous precipitate thus: 

PeaCSOila + 2H3PO4 +4H2O -> 

Iron sulfate Phosphoric acid Water 

2FeP04-2H20 + 3H2SO4 
Hydrated iron Sulfuric Acid 
phosphate 

The hydrated iron phosphate is a slightly soluble, sticky, disagreeable 
compound which if present in relatively large amounts may impart objec-T 
tionable physical properties to the entire product. 

Fritsch^ states that 2 per cent of iron oxide in phosphate rock is not 
objectionable because the quantity of iron sulfate produced therefrom re- 
mains unaltered in the superphosphate, but it appears very doubtful to 
the writers if he is right in this assumption. It seems much more likely 
that the complete or nearly complete solubility of the phosphoric acid in 
superphosphate made from rock high in iron and aluminum is due to the 
solvent effect of other compounds present, for Schneider^^ has shown 
experimentally that solutions of sulfate of iron increase the solubility of 
iron phosphate, and Cameron and BelF have demonstrated that gypsum 
lime, and phosphoric acid also aid the solubility of this substance. 

Hydrated iron phosphate, however, may be converted into the anhydrous 
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and even less soluble condition by reacting with anhydrous calcium sul- 
fate, the latter compound being converted into gypsum as follows: 

FeP042H20 + CaS04 CaS 042 H 20 + FeP 04 

Hydrated iron Anhydrous calcium Gypsum Anhydrous iron 

phosphate sulfate phosphate 

This last reaction may partly explain why superphosphate in excellent 
mechanical condition but with a relatively high percentage of P 2 O 5 insol- 
uble in water is often made from rock containing large amounts of iron 
and aluminum. Compounds of aluminum in phosphate rock react in a 
manner similar to those of iron, but to a less marked degree. 

There is considerable difference of opinion regarding the maximum 
quantity of iron and aluminum which a phosphate rock may contain and 
still be successfully used for the manufacture of superphosphate. Wyatt^^ 
claims that phosphates containing from 6 to 8 per cent of iron and alumi- 
num oxides may be used, providing there is sufficient carbonate of lime pres- 
ent to give a dry product. Schuecht^® and Fritsch® seem to regard the pres- 
ence of more than 3 per cent of the combined oxides of iron and aluminum 
as undesirable. StillwelP states that phosphates containing from 4 to 6 per 
cent of these oxides may be successfully handled but that the presence 
of more than 2 per cent is objectionable. In actual factory practice, how- 
ever, phosphate rock containing as high as 6 per cent combined oxides of 
aluminum and iron are being successfully worked up into superphosphate 
and though the handling of such phosphates necessitates experience, there 
seems little reason why they should not be employed if proper care is taken 
in their manipulation. 

From the foregoing, it would appear that in treating phosphates high 
in compounds of iron and aluminum great care must be exercised both in 
the proportioning of acid and rock, and in the subsequent curing of the 
product to insure the absence of excess water or acid. Probably nothing has 
done more toward solving this problem than the adoption of modern 
methods for the mechanical excavation, aeration and careful drying of 
superphosphate. 

The bulk of the phosphate rock employed in the manufacture of super- 
phosphate contains a maximum of 4.5 per cent of iron and aluminum 
oxides and much of it contains 3 per cent or less of these impurities. 

Carbonates of Lime and Magnesia 

The presence of carbonates in relatively small quantities is considered 
by some as an advantage rather than an objection in the manufacture of 
superphosphate where a dry, readily handled product is of prime considera- 
tion. The carbonic acid is usually combined with lime and it is in this 
form that it is considered here. Sulfuric acid acts upon calcium carbonate 
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to form calcium sulfate, water or steam and carbon dioxide. The latter, 
which escapes as a gas, facilitates the elimination of moisture and renders 
the material porous and readily disintegrated. The reactions may be repre- 
sented thus: 

H 2 SO 4 + CaCOs -> 

Sulfuric acid Calcium carbonate 

(1 molecule, wt. 98) (1 molecule, wt. 100) 

CaS 04 + H 2 O .+ CO 2 

Calcium sulfate Water Carbon dioxide 

(1 molecule, wt. 136) (1 molecule, wt, 18) (1 molecule, wt. 44) 

In acidulating phosphates high in carbonates, the reactions begin 
promptly in the mixing pan because of the ease with which carbonates are 
acted upon by sulfuric acid. This preliminary action tends to heat the mass, 
which facilitates the reactions between the acid and the other constituents 
of the phosphate rock. On the other hand, the acidulation of phosphate 
rock high in carbonates is not economical where better grades of this min- 
eral are available. Not only is the quantity of sulfuric acid required to 
decompose calcium carbonate 60 per cent greater than that needed to 
convert an equal amount of tricalcium phosphate into soluble form, but 
the product (CaS 04 ) of this reaction adds nothing to the sales value of the 
superphosphate. 

Efforts have been made to decompose the carbonates present in phos- 
phate rock before acidulation and thus cut down on the quantity of sul- 
furic acid, but no great amount of success has been attained. Memminger^® 
proposed calcining pebble phosphate at a temperature sufficiently high to 
decompose the calcium carbonate and cause the lime to combine with the 
free silica to form calcium silicate. In this way the actual percentage of 
tricalcium phosphate may be increased 3 to 4 per cent, and since the cal- 
cium silicate is not readily attacked by sulfuric acid, an actual saving in 
the cost of acidulation is brought about. One of the objections raised to 
the use of this material, however, is that the absence of carbonates and 
partial sintering of the rock delays the action of the sulfuric acid unless 
the latter is heated to give the reactions an initial impetus. The other 
objection is that the lack of carbonates prevents the material from becom- 
ing porous due to the escape of carbon dioxide and hence the excess of 
water is not so readily driven off. 

Shoeld et recognizing the vital role that carbonates play as acid 
consuming impurities, studied six different grades of Florida pebble phos- 
phate and developed a rapid method of determining the acid requirements 
based on the P2O5 and CO2 content of such phosphate rock. By means of 
charts giving the percentage of these two ingredients present, they show 
in what proportions the acid and rock should be mixed to obtain super- 
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phosphate of any desired availability, as well as the most economical 
rock-acid ratio to employ. 

Whereas, these investigators do not claim that this method is applicable 
to all closes of phosphate rock, it has proved satisfactory in plant practice 
on Florida rock where such factors as fineness of grinding, concentration 
and temperature of acid and length of curing period of the final product 
are kept constant. 

Quantity, Strength, and Temperature op Sulfuric Acid 

While the quantity, strength, and temperature of sulfuric acid, which 
should be used in treating phosphate rock to obtain superphosphate con- 
taining the maximum amount of available P 2 O 6 and in the best mechanical 
condition, cannot be determined absolutely from the chemical composition 
of phosphate rock, nevertheless a close approximation may be made from 
the analysis of the phosphate which is to be acidulated. 

As a specific instance of how the quantity of sulfuric acid (of various 
strengths) required may be fairly closely determined, let us take a sample 
of an average grade of Florida pebble phosphate, the composition of which 
is usually expressed in the following form (Table 10). 

Since the main object in acidulating phosphate rock is to convert this 
phosphoric acid into an available form with due regard to the chemical 
action of the acid upon the other constituents in the material, the quantity 
of acid necessary may be approximately determined by calculating the 
amount required to satisfy the following equations, most of which have 
been previously given, but which are brought together here for the sake 
of clearness, 

Ca3(P04)2 + 2H2SO4 CaH4(P04)2 4- CaS04 

(1 molecule, (2 molecules, (1 molecule, (2 molecules, (I) 

wt.310) wt.l96) wt.234) wt. 272) 

CaFa -h H2SO4 ->2HF + CaS04 

(1 molecule, (1 molecule, (2 molecules, (1 molecule, (2) 

^t. 98) wt, 40) wt. 136) 

2 FeP 04 +3H2SO4 -►Fe2(S04)3 + 2H3PO4 

(2 molecules, (3 molecules, (1 molecule, (2 molecules, (3) 

wt. 302) wt. 294) wt. 400) wt. 196) 

2AIPO4 +3H2SO4 ->Al2(S04)3 +2H3PO4 

(2 molecules, (3 molecules, (1 molecule, (2 molecules, (4) 

wt. 244) wt. 294) wt. 342) wt. 196) 

CaCOs ■+- H2SO4 CaS04 + CO2 + H2O 

(I molecule, (l molecule, (1 molecule, (1 molecule, (5) 

Wt. 100) wt. 98) wt. 136) wt. 44) wt. 18) 
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Takiiig the first ccjuation shown to illustrate how the calculations are 
made in (l('(ermining the amount of acid net'cssary for the treatment of 
this phospliate rock, it is seen that 196 parts by weight of pure sulfuric 
ac'id are reciuired to vonvert 310 parts of tricalcium phosphate into the 
monocalciiim oi* soluble form. Therefore, 0.632 parts of acid will be retiuired 
for e\'ery part of tricah'ium phosphate. If ordinary chamber acid (having 
a strength of 52° B4) which according to Table 7 (the Appendix) con- 
tains 62,8 per cent of sulfuric acid, it is found that 1.016 parts by weight 
will be necessary for every one part of tricakhum phosphate. 

In Table 1 1 the (iuantity of sulfuric* a(*id of various strengths necessary 
to bring a})out the I'caetions outlined above is given. 

Ap{)Iying the figures given in Table 10 to the particular grade of rock 
under (*on.sideration it is an easy matter to determine the weight of acid 

Table 10. Analysis of an Average Grade op Florida Pebble Phosphate 

(dry basis) 


Ingredient 

Composition’ 

Calcium oxide (CaO) 

46.7 

Phosphoric acid (IhOr.) 

33.0 

Carbon dioxide (Cih) 

3.4 

Fluorine (F) 

3.5 

Ferric oxide (FcaO.i) 

1.5 

Alumina (.\l2O3) 

2.0 

Silica (SiO-i) 

10.0 

Total 

100.1 


* This analysis does not include some of the minor constituents. 

(of each strength) theoretically required to acidulate a hundred pounds of 
the phosphate. These values are given in part in Table 12. 

The sulfuric acid requirements given in Table 12 are based on the 
assumption that all of the P 2 O& contained in the phosphate rock is con- 
verted into a water-soluble form. The accomplishment of this end may be 
neither economical nor desirable because as the reaction proceeds the pro- 
portion of acid acting on certain impurities increases and the final traces 
of insoluble P2O5 are not attacked unless appreciable quantities of free 
acid are present. Not only may the cost of this extra acid required for com- 
plete conversion more than offset the additional value of the superphos- 
phate, but the product is apt to be sticky and harden or set when stored 
or mixed with other fertilizer ingredients. In commercial practice therefore 
it is customary to use somewhat less sulfuric acid than is theoretically 
required and sacrifice a small amount of soluble P 2 O 6 in order to insure a 
dry easily disintegrated product. 

The strength of the sulfuric acid used also has an important influence on 
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the quality of the superphosphate. As pointed out previously, the amount 
of highly concentrated sulfuric acid theoretically necessary to produce 
superphosphate is of such small bulk that it is impossible to mix it thor- 

Table 11. Weight of Sulfuric Acid of Various Strengths Required to 
Convert One Pound of Each of the Ingredients of an. Average 
Phosphate Rock into the Compounds Existing in Norm.al 
Superphosphates 


Material { 

Acidulated-Ingredient ‘ i 

48° Be 49° Be 


Tricalcium phosphate 1.060 1.040 

(Ca3(P04)2) 

Calcium fluoride 2.117 2.067 

(CaF.>) 

Iron phos, (FeP 04 ) 1 .640 1 .601 

Aluminum phos. 2.030 1.932 

(AIPO 4 ) 

Calcium carbonate 1.652 1.613 

(CaCOg) 


Table 12. Quantities op Sulfuric Acid Required (Theoretically) to 
Convert KX) Parts op Average Pebble Phosphate into 

SuPERPHOSPH.ATE 

Quantities of Sulfuric Acid of Various Concentrations 
Per 100 Parts of Rock 

48°Be 
71.4 
15.2 

4.8 4.5 4.2 4.1 | 3.9 

9.8 9.3 8.9 S.4 ! 8.1 

12.7 12.1 11.6 11.1 i 10.6 

113.9, 108.9 104.0 99.4 ! 95.2 

oughly with the ground phosphate rock; moreox'er, t lie calcium .sulfate 
formed being less soluble in strong than iiv weak sulluric a(‘i<i, trnais l e 
coat the ro(*k parti(‘les and prevent (*omplet(^ reatflion from takina |>lace. 
The heat generated also causes the loss of mudi of the wati^r in tier form 
of steam and this lack of lk|uid phase brings the reach ion to a st aiiiisfill. 

On the other hand, if dilute a(*id is employed the arniamt iH'quired tor 
decomposition of the rock. is so large and coii tains such high pertaaitagc's 


50°Be 

52°Be 

54°Be 

56°Bc 

68.5 ! 

j 

65.4 

62.5 

59.9 

14.5 

. 13.9 

I 

13.3 

; 12.7 


Contponents of Rock (Arbitrarily 
Combined) 


Quantity 

Present 

(%) 


Tricalcium phosphate 
(Ca3P04)2 

Calcium fluoride (CaF 2 ) 

Iron phosphate (FeP 04 ) 
Aluminum phosphate (AIPO 4 ) 
Calcium carlionatc (CaCO;)) 
Silica (SiO-j) 
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of water that the mass does not heat up readily, chemical reaction is 
delayed, and even if finally complete, the product contains so much mois- 
ture that it must be dried by artificial means. The strength of acid with 
which the best results are ordinarily obtained ranges between 52 and 56''B6, 
and in recent years there has been a tendency to use acid of the latter 
concentration since a somewhat higher grade superphosphate is thus ob- 
tained. 

With a view to the recovery of a greater proportion of the fluorine present 
in phosphate rock, Wight and Tongue^® propose adding highly concen- 
trated, hot sulfuric acid to the finely ground material, pugging the plastic 
mass and subsequently diluting it with water to facilitate further mixing 
and more complete conversion of the P2O5 into an available form. 

The temperature of sulfuric acid used also affects the speed of the re- 
action and the quality of the superphosphate produced though some manu- 
facturers pay little attention to this point, mixing their rock at all seasons 
with the same weight of acid at whatever the temperature of the air may 
happen to be. In certain localities such practice may mean a difference of 
100°F, between the temperature of the acid used in summer and in the 
winter months. Other manufacturers believe that phosphate rock should 
never be mixed with sulfuric acid which has a temperature lower than 
75 to 80®F, and still others use acid at 120 to 180°F. 

Sulfuric acid produced by the catalytic process may have a concentra- 
tion of 100 per cent H 2 SO 4 and even some of the so-called lead chamber 
acid contains close to 77.7 per cent H 2 SO 4 (60°B4). In either case such acid 
must be diluted with water which causes a sharp rise in temperature and 
may necessitate cooling the acid somewhat before using it in the manu- 
facture of superphosphate. 

While there is considerable difference of opinion regarding the optimum 
concentration and temperature of acid which should be employed, there 
are certain general rules which may be followed. Phosphates high in car- 
bonates heat up quickly in the mixer and if care is not exercised, violent 
frothing is apt to occur and the pan will overflow. It is, therefore, unwise 
to use highly heated acid for such phosphates. On the other hand, phos- 
phates high in iron and aluminum compounds, and those which have been 
calcined to the point where the carbonates are decomposed and lime sili- 
cates formed, react very much more sluggishly and, therefore, hot acid 
may be advantageously employed. 

No definite formulas can be laid down which will apply to all grades of 
phosphate rock and no absolute rules made which will suit the different 
conditions under which the various factories operate. The best temperature, 
concentration, and quantity of acid to employ is more or less a separate 
problem for each individual plant and trial mixes are often necessary to 
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finally establish these points, but the manufacturer who does not exercise 
close supervision and chemical control over his raw materials and factory 
practice cannot possibly produce superphosphate as efficiently or as eco- 
nomically as one who gives strict attention to such important details. 

Cost of Producing Superphosphate 

The cost of producing superphosphate varies according to the size and 
location of the plant and its accessibility to supplies of raw materials. 
Plants situated at or near the Florida phosphate mines and where sulfur 
for sulfuric acid manufacture can be delivered at a relatively low figure, 
have an advantage as far as actual production costs are concerned over 
those located at inland points where long rail hauls on these raw materials 
are involved. On the other hand because of the high freight charges on 
superphosphate (per unit of P 2 O 6 ), it is equally, if not more important 
that a manufacturing plant be built near large and established markets. 

The bulk of the superphosphate plants in this country are either on or 
near the Eastern Seaboard where advantage is taken of the lower freight 
rates that prevail for both the raw materials and finished products shipped 
by water. 

Plants that manufacture their own sulfuric acid are usually in abetter 
position to compete in the market than those which must purchase this 
acid from other companies. 

Tables 13 and 14 give the estimated capital investment required and 
the cost of producing ordinary superphosphate at a plant having a daily 
capacity of 1,000 tons situated at such a port as Baltimore, Maryland or 
Charleston, S. C., and equipped with modern facilities for handling, proc- 
essing, storing and shipping both the raw materials and finished product. 

The most striking features brought out by the figures given in Table 14 
are that the raw materials (phosphate rock and sulphuric acid) constitute 
such a large percentage (92.7 per cent) of the cost of producing super- 
phosphate, and that the direct manufacturing costs constitute such a small 
percentage (5.4 per cent). 

There appears to be no prospect that the price of raw materials will 
be reduced in the near future and no possibility of decreasing the fixed 
charges (interest, taxes and depreciation). It is evident also that there is 
little opportunity of effecting substantial savings in labor, power, and 
supervision. If, therefore, any economy is to be brought about in the pro- 
duction of superphosphate, it must be effected by a substantial reduction 
in the proportion of sulphuric acid required to convert the P 2 O 5 in a given 
quantity of phosphate rock into an available form. 

As pointed out previously, if the reactions between phosphate rock and 
sulfuric acid can be so controlled that the predominating phosphate com- 



288 


PHOSPHORIC ACID AND ITS DERIVATIVES 


pound in the resulting product is dicalcium rather than monocalcium phos- 
phate, a great saving in the quantity of sulphuric acid required can be 

Table 13. Cost of Plant Equipment* Having a Capacity op 1000 Tons of 
Superphosphate per Day (330,000 Tons per Yr.) 


Items Cost 

Plant site $75,000 

Loading and unloading facilities 300,000 

Buildings for storage and equipment 300,000 

Rock grinding mills and air separators (with motors) 100,000 

Elevators and conveyors for rock 15,000 

2 mixing pans (with motors) and weigh hoppers 20,000 

2 mechanical dens and excavators 75,000 

2 elevators for handling the den superphosphate 15,000 

Trackage and cars 25,000 

2 small steam shovels 50,000 

Elevating, milling, and screening equipment 25,000 


Total $1,000,000 


* Exclusive of sulfuric acid plant. 


Table 14. PIstimated Cost of Manufacturing Ordinary Superphosphate, 
(20% P2O5) at Plant on Atlantic Seaboard Having a Capacity of 1000 
Tons op Product per Day (24 Hours) 


Items 

Daily Cost 

Proportion of Cost (%) 

512 tons of HaSOi (54®B6) $8.5Q,per ton 

$4,352.00 

40.1 

61X) tons phos. rock (33% P2O5) @ $9.50 per ton 

5,700.00 

52.6 

Grinding phosphate rock @ $0.50 per ton 

300.00 

2.7 

Labor (8 men per shift) or 192 man hours 
$1.10 per hr 

211.20 

1.9 

Superintendence 

30.00 

0.3 

Maintenance and supplies 

50.00 

0.5 

Power (9,(K)0 kw-hrs) # 0.6 cents per kw-hr 

54.00 

0.5 

Deprc‘ciation on $1,000,000 @ 7i% 

150.60 

1.4 

Total 

$10,847.80 

100^0 

Cost per ton of 20% Superphosphate 

$10.85 


Cost per unit of PsOs 

$0.54 



effected. Even if only part of the tricalcium phosphate should be converted 
into dicalcium phosphate and the balance into monocalcium phosphate, 
there would still be a substantial economy in a process which could bring 
about such a result. 

Although, this end has never been accomplished, the problem does not 
appear insurmountable and warrants further study. 



SUPERPHOSPHATE, ITS MANUFACTURE AND PROPERTIES 289 


References 

L Cameron, F. K. and Bell, J. M., U. S. Dept. Agr., Bur. of Soils Bull. 41 (1907). 

2. Demmerle, R. L. and Sackett, W. J., Ind. Eng. Ckem., 41, 1306 (1949). 

-3. Fritsch, J., “Manufacture of Chemical Manures,” pp. 78-80 (1932). 

4. Gabeler, W. C., et ah, U. S. Pat. 2,136,793 (1938). 

5. Gray, A. N., “Phosphates and Superphosphates,” Int. Science Pub. Co. Inc. 

New York (1934). 

6. Hardesty, J. 0., et ah, Am. Fertilizer, 92, No. 7, 5-8, 24 , 26 (1940). 

7. Hill, W. L. and Beeson, K. C., J. Assoc. Offic. Agr. Chemists, 18, 244 (1935). 

8. Hill, W. L. and Beeson, K. C., J. Assoc. Offic. Agr. Chemists, 328 (1936). 

9. Hill, W. L. and Hendricks, S. B., Ind. Eng. Chem., 28, 440 (1936). 

10. Hill, W. L. and Jacob, K. D., J. Assoc. Offc. Agr. Chemists, 17, 487 (1934). 

11. Jacob, K-. D., et ah, A. I. M. E. Tech. Pub. 695 (1936). 

12. Jacob, K. D., et ah, Ind. Eng. Chem., 22, 1385 (1930). 

I3i Kanowitz, S. B., Private Communication. 

14. Lawes, J. B., British Pat. 9,353 (1842). 

15. Mackall, J. N. and Shoeld, M., Chem. cfc Met. Eng., 47, No. 2, 102 (1940). 

16. Marshall, H. L., et ah, Ind. Eng. Chem., 25, 1253 (1933). 

17. Marshall, H. L. and Hill, W. L., Ind. Eng. Chem., 32, 1128 (1940). 

18. Marshall, H. L. and Hill, W. L., Ind. Eng. Chem., 32, 1631 (1940). 

19. Memminger, C. G., U. S. Pat. 1,192,545 (1916). 

20. Nordengren, S. and Lehrecke, H., Am. Fertilizer, 93, N6. 1, 5-7, 24, 26; No. 2, 

10-11,22 (1940). 

21. Packard, W, G. T., Superphosphate, 10, No. 12 (1937). 

22. Parrish, P. and Ogelvie, A,, “Calcium Superphosphate and Compound Ferti- 

lizers” (2nd Ed.), Hutchinson’s Scientific & Technical Publication (1946). 

23. Procter, J. T., Address before Fertilizer Society of England (1949). 

24. Sauchelli, Vincent, “Manual of Fertilizers,” Davison Chemical Corp. (1942). 

25. Schneider, E. A., Zeit. Anorg. Chem., 6, 84, 386 (1894). 

26. Schuecht, “Die Fabrication des Superphosphat,” pp. 79-83 (1909). 

27. Shoeld, M., Chem. & Met. Eng., 41, No. 4, 178 (1934). 

28. Shoeld, M., et ah, Ind. Eng. Chem., 41, 1334 (1949). 

29. Stillwell, A. G., “Industrial Chemistry” (Edited by A. Rogers) (1915). 

30. Wight, E. H. and Tongue, T. O., U. S. Pat. 2,504,546 (1950). 

31. Wyatt, Francis, “Phosphates of America,” pp. 111-116 (1891). 



16. Concentrated or Triple 
Superphosphate 

Wm. H. Waggaman 

Senior Mineral Technologist^ Bureau of Mines, U. S. Dept, of Interior 

Triple superphosphate, as its name implies, is a highly concentrated 
phosphate fertilizer containing from 45 to 5b per cent of available P2O5, 
or nearly three times as much as ordinary superphosphate (16 to 20 per 
cent P2O5). Since the main phosphate ingredient in these two products is 
the same, their chief difference is that triple superphosphate consists almost 
entirely of monocalcium phosphate®, whereas in ordinary superphosphate 
this compound is diluted with a substantial proportion of calcium sulfate. 

The manufacture of ordinary superphosphate as described in Chapter 15 
is a relatively simple process which comprises mixing finely ground phos- 
phate rock with proper proportions of sulfuric acid. The resultant mass is 
allowed to set up and is finally cured in large storage piles. In the produc- 
tion of triple superphosphate, however, phosphoric acid is used to decom- 
pose the phosphate rock and facilities must be provided to manufacture 
this acid. 

An integrated plant for the manufacture of triple superphosphate not 
only entails a greater capital investment, but requires additional labor and 
processing which render the cost of the unit of P 2 O 6 in this concentrate 
appreciably higher. Assuming that the reagents for manufacturing these 
two products are purchased in the form of sulfuric acid and electric energy, 
triple superphosphate requires twice as many steps as ordinary superphos- 
phate, as shown in Table 1. 

On the other hand, the higher cost of a plant producing this concentrate, 
and the additional processing steps and labor required, may be offset by 
the following favorable factors: 

(1) The practicability of using (in the phosphoric acid production step) 
lower grade and cheaper phosphate rock unsuitable for the manufacture 
of ordinary superphosphate. 

(2) The substantial economies effected in handling, bagging, shipping 
and distributing this more concentrated product. 

Where deposits of phosphate rock and the reagents required to process 
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them are located far from established fertilizer markets, there is little 
question that triple superphosphate is a more economical product from 
the standpoint of both manufacturer and consumer. 


Table 1. Compaeison op Numbee of Steps Involved in the Manufacture of 
Ordinary Superphosphate and Triple Superphosphate 


Various Steps Involved 

Ordinary Super- 
phosphate 

Triple Superphosphate 

Sulfuric Acid Process 

Electric-Furnace 

Process 

Manufacture of elemental phos- 




phorus 



X 

Manufacture of phosphoric acid 


X 

X 

Removal of gypsum 


X 


Concentration of acid 


X 


Mixing of acid and rock 

X 

X 

X 

Drying the product 


X 

X 

Final curing 

X 

X 

X 

Crushing and screening 

X 

X 

X 


Table 2. U. S. Production of Triple Superphosphate (45% P 2 O 6 Basis) 
(In Short Tons, 1939-1949) 


Year 

Production (Tons) 

1939^ 

277,800 

1940^ 

336,600 

1941 

325,200 

1942» 

321,200 

1943^ 

293,983 

1944 b 

281,076 

1945 b 

250,960 

1946b 

322,319 • 

1947 b 

383,833 

1948b 

468,711 

1949 b 

548,504 

1950b 

686,855 

« U. S. Dept, of Agriculture figures, 
b Figures of Bureau of Census. 


The annual production of triple superphosphate in the United States 
from 1939 to 1949 inclusive is given in Table 2. 

Triple superphosphate is now manufactured from phosphoric acid de- 
rived from the combustion of elemental phosphorus as well as through the 
medium of sulfuric acid. The main difference in these two acids is that the 
former is highly concentrated, almost free from contaminants, whereas the 
latter is relatively dilute and contains substantial percentages of impuri- 
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ties. Since both the concentration and purity of this reagent have an im- 
portant bearing on the choice of equipment and procedure, the manufac- 
ture of triple superphosphate with each type of acid is discussed. 

Maistufactube of Tbiple Supebphosphate thbough the Medium of 

Sulfuric Acid 

Before electric-furnace and blast-furnace methods of treating phosphate 
rock were developed on an extensive scale, virtually all phosphoric acid 
was produced through the medium of sulfuric acid. When phosphoric acid 
thus obtained is used as a reagent in decomposing phosphate rock, it 
means that sulfuric acid is being indirectly employed. 

The ratio of sulfuric-acid-to-rock used in the manufacture of ordinary 
superphosphate and triple superphosphate is substantially the same, and 
the nature of the phosphate compound (monocalcium phosphate) present 
is also identical. Therefore, were it not for the high concentration of triple 
superphosphate and the attendant economies in handling, shipping and 
distributing the product, there would be no incentive to produce it through 
the medium of sulfuric acid. 

Although the P2O5 in almost all phosphate rock is combined as fluor- 
apatite ( 3 Ca 3 (P 04 ) 2 -CaF 2 ), the calcium fluoride (CaJF 2 ) contained in the 
apatite molecule may be regarded as an acid-consuming impurity. The most 
important chemical changes in the manufacture of triple superphosphate 
are those involved in the conversion of tricalcium phosphate into water- 
soluble monoealcium phosphate. When the sulfuric acid process is em- 
ployed these reactions may be represented in simplest form by the following 
equations: 

2Ca3(P04)2 + 6H2SO4 + 12H2O 4H3PO4 + 6CaS042H20 (1) 

Tricalcic Phosphoric * 

PKosphate Acid 

The strength of phosphoric acid thus produced ranges from 30 to 40 
per cent H3PO4 depending on the procedure followed^®. In any event, it 
must be separated from the gypsum and insoluble residue by filtration 
(Chapter 12), concentrated by evaporation and then, used to treat a second 
batch of finely ground phosphate rock. No purification step other than 
filtration is employed in preparing acid for this purpose. 

Ca3CP04)2 + 4 H 3 PO 4 4- aH20-^3CaH4(P04)2H20^^^^^^^^^ (2) 

Tncalcic Phosphoric Monocalcic 

Phosphate Acid Phosphate 

Because of the impurities present in phosphate rock, the reactions are 
by no means as simple as those given in equations (1) and (2). Unlike 
tricalcium phosphate these impurities consume phosphoric acid without 
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imparting any additional value to the product in the form of soluble P2OS. 
They are diluents at best and may actually have a deleterious effect on 
the chemical and physical properties of the final product. For instance, 
the presence of appreciable percentages of calcium and magnesium car- 
bonates in phosphate rock is highly objectionable from the standpoint of 
extra acid consumed. Iron and aluminum compounds may adversely affect 
the solubility of the P2O6 in triple superphosphate or cause it to cake or 
set. 

How best to determine the relative proportions of acid and rock used 
in the manufacture of triple superphosphate has been the subject of con- 
siderable discussion. A simple but not strictly accurate method is to mix 
the acid and rock in such proportions that the P2O6 added as acid is twice 
that of the rock. This method is based on the assumption that all the lime 
is combined as tricalcium phosphate and that the impurities do not con- 
sume appreciable quantities of acid. This, of course, is not the case. 

Marshall et aU^ in a study of the reactions between phosphate rock and 
various concentrations of phosphoric acid used an amount of acid 10 per 
cent in excess of that required to convert the calcium and P2O5 in the rock 
into monocalcium phosphate. 

Another method is to determine the quantity of CaO in excess of that 
combined as apatite, and add sufficient acid to convert it into monocal- 
cium phosphate. This method is also subject to inaccuracies. 

Marshall and HilP^ proposed an acidulation scale based on complete 
conversion of the CaO, AI2O3 and Fe203 present into CaH4(P04)2, AIPG4 
and FeP04 respectively with due allowance being made for the acidic 
radicals such as P2O5, SO3 and F. Such a scale, however, is dependent upon 
an almost complete analysis of the rock and is both tedious and expensive. 
The information furnished does not necessarily indicate the most economical 
practice to follow. It is often better to sacrifice a small percentage of avail- 
able P2G5 in order to save on the quantity of acid used and to insure a 
product of optimum physical condition. 

In a report by the engineering staff of the TVA^^ it is stated that a study 
of the reactions between rather pure phosphoric acid and several types of 
phosphate rock showed that as acidulation proceeds the proportion of acid 
acting on the insoluble P2G5 decreases, whereas the proportion consumed 
by the impurities increases. Side reactions therefore are set up before all 
of the P2G6 in the rock has been rendered available. This led to the con- 
clusion that in order to obtain the maximum conversion of P2G6 into 
monocalcium phosphate it was necessary to use an excess of acid. 

Not only is the presence of free phosphoric acid objectionable on account 
of the corrosive and hygroscopic properties it imparts to the final product, 
but the P2O6 in this acid is much more expensive than that in phosphate 
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rock. Unless it reacts with the latter, the cost of the triple superphosphate 

is increased without a corresponding increase in its value. 

In general, less acid is needed to convert the P2O5 of high-grade phos- 
phate rock into an available form^ but each grade requires a different 
proportion of acid to obtain an optimum product. Although the approxi- 
mate quantities can be determined by partial analysis, trial mixes have so 
far proved the most practical method of arriving at the proper acid-rock 
ratio. 

According to equation (2) mixing 1 part of tricalcium phosphate 
(Ca 3 (PG 4 ) 2 ) with 1.26 parts of pure phosphoric acid, diluted with 0.17 part 
of water (equivalent to 87.8 per cent H3PO4), should yield 2.43 parts of 
dry, fully crystallized monocalcium phosphate. 

It is economically impracticable, however, to mix such concentrated acid 
(or even 80 per cent H3PO4) with phosphate rock since the resultant mass 
sets up so rapidly that the two ingredients cannot be thoroughly blended 
and the reactions are incomplete. 

Phosphoric acid produced by the sulfuric acid method is relatively dilute, 
ranging from 30 to 40 per cent H3PO4 (equivalent to 21,7 to 29.0 per cent 
P2O5). In manufacturing triple superphosphate it is usually concentrated 
to 60 to 70 per cent H3PO4 (47 to 50.7 per cent P2O6), either in Swenson 
evaporators or by percolation through acid-proof towers countercurrent to 
a stream of hot gases produced by combustion of oil or gas. 

The description below is typical of the procedure followed in manu- 
facturing triple superphosphate using finely ground phosphate rock (32 per 
cent P2O5) and phosphoric acid (50.7 per cent P 2 O 6 ) produced by the sulfuric 
acid process. 

Phosphoric acid (at a temperature of 140°F) and phosphate rock (80 
per cent —100 mesh) are weighed in batches of 2,800 to 1,500 pounds 
respectively and added simultaneously to the pan of a 2-ton Steadman- 
type mixer. After thoroughly stirring the mixture for 3 minutes4he plug 
in the center of the pan is raised and the slurry discharged directly into a 
bin or upon a wide conveyor belt (40 inches which carries it to an open 
reaction chamber where the material sets up into a fairly stiff mass. After 
several hours, it is picked up by a grab bucket and moved to another pile 
where it is allowed to cure for approximately three weeks. At the end of 
this period the triple superphosphate, which still contains about 15 per 
cent moisture, is taken to a drier (either of the rotary kiln or multiple- 
hearth furnace type) and dried to a moisture content of 2 to 5 per cent. 
The product is then cooled, crushed either in a hammermill or cage mill, 
screened and stored for final shipment. If a granulated product is desired, 
the dust and very fine particles are screened out or removed by an air 
separator, moistened to form pellets and again dried. In some cases the 
fine dust is added to the mixing pan and recycled through the system. 
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Meyers Process 

With a view to eliminating the preliminary step of concentrating phos- 
phoric acid and hastening the reaction, Meyers^^ patented a process for 
manufacturing triple superphosphate which he claimed is more efficient 
and economical than those previously used. The process has been modified 
a number of times since it was originally tried out on a commercial scale 
but in general the procedure is as follows: 

Phosphoric acid is first produced by a continuous method consisting in 
mixing finely ground phosphate rock with sulfuric acid (60°B6) diluted to 
32°B6, with weak phosphoric acid (15°B4.), obtained in a subsequent step. 
The thin slurry flows continuously through a series of four decomposition 
tanks, each equipped with an agitator. No auxiliary heat is applied since 
the rise in temperature due to the dilution of the sulfuric acid is ample to 
complete the reaction. 

The slurry is discharged from the fourth tank upon a moving filter belt 
(Lurgi filter) and the phosphoric acid is separated from the gypsum and 
insoluble residue by suction. The latter is then washed free of soluble 
phosphates and finally discharged at the far end of the filter bed. 

Three concentrations of phosphoric acid are obtained: 

(1) Production acid (30°B4) resulting from the filtration of the slurry. 
This acid is subsequently used for manufacturing triple superphos- 
phate. 

(2) Dilution acid (15°-B6) resulting from the washing of the filter cake 
with 5°B6 phosphoric acid. This acid is used in diluting sulfuric acid 
in the initial decomposition of the phosphate rock. 

(3) Washing acid (5°B4.) resulting from the final washing of the filter 
cake with water. This dilute acid is used in the first washing of the 
filter cake. After passing through this cake it yields dilution acid 
(15®B6.). 

Triple superphosphate is then manufactured as follows: 

Production acid (30°B6) is mixed with finely ground phosphate rock in 
proper proportions to produce monocalcium phosphate* The relatively 
thin slurry is discharged into the upper end of the rotary kiln lined with fire 
brick heated cocurrently with powdered coal, oil or gas. The reaction 
between the acid and rock is hastened and rendered more complete because 
of the combined effect of the elevated temperature and gradual concentra- 
tion of the acid as the material passes through the kiln. 

The hot mixture, still in the form of a slurry, is discharged at the end 
of the kiln into a concrete container where it sets up as a porous mass. 
After 24 hours it is taken up by a crane and fed into a rotary (unlined) dryer 
and most of the free moisture is eliminated. The dried product is then 
crushed, screened and cured in a storage pile for several weeks before ship- 
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ment. This process has been successfully operated by the Armour Fertilizer 
Works in Florida and Tennessee. 

Triple Superphosphate from Electric-Furnace Acid 

The direct manufacture of pure concentrated phosphoric acid from ele- 
mental phosphorus evolved by smelting phosphate rock in an electric or 
blast furnace (Chapter 11) opened up new and interesting possibilities in 
the production of triple superphosphate. Such acid is much purer than 
that derived from the sulfuric acid process and it does not have to be con- 
centrated by the application of artificial heat. A tedious and somewhat 
costly step is thus eliminated. 

Marshall and his co-workers^® investigated the action of phosphoric acid 
(ranging in strength from 21 to 64 per cent H 3 PO 4 ) on phosphate rock 
under various conditions and found that acid of the maximum strength 
given above was more effective than lower concentrations. In curing the 
products, however, the water was not allowed to evaporate, and the effect 
of gradual concentration through loss of moisture was not determined in 
the products made with the weaker acid. 

TVA later studied intensively the reactions between phosphate rock and 
higher concentrations of furnace grade phosphoric acid and has greatly 
advanced our knowledge in this field of research. These investigations are 
described in excellent papers^- by members of the technical 

staff of that agency. A detailed discussion of the diflftculties encountered 
both in the laboratory and pilot plant need not be repeated here. How- 
ever, a brief review of some of the highlights in the development of a 
practical process and descriptions of the equipment and procedures are of 
interest to all those who manufacture or are considering the manufacture 
of triple superphosphate from furnace-grade phosphoric acid. 

Neither dilute nor highly concentrated phosphoric acid reacts as readily 
with phosphate rock as that of medium strength. As pointed out previously, 
87 to 88 per cent H 3 PO 4 contains only sufficient water to form fully crystal- 
Hzed monocalcium phosphate. Where an acid of 83 to 85 per cent concen- 
tration is employed the heat of the reaction will drive off much of the sur- 
plus water. In order to obtain maximum conversion of the insoluble P 2 O 6 
into an available form, not only should a substantial percentage of a liquid 
phitse be present during the mixing period but a certain amount of moisture 
should be retained in the mass during the curing period to complete the 
reactions. 

In mixing phosphate rock with highly concentrated acid (?8 to 80 per 
cent H 3 PO 4 ) the mass undergoes a number of successive physical as well 
as chemical changes. The TVA defines these physical changes as a fluid 
stage, a plastic stage and a solid stage. As the concentration of the acid 
used increases the duration of the first Stage decreases. 
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Since most efficient mixing of the two ingredients takes place in the 
fluid stage, it is obvious if this period is shortened the individual particles 
of finely ground rock are less likely to be contacted with their proper 
quota of acid. Consequently, the chemical reactions are incomplete. With 
acid of the strength mentioned above the fluid stage was found to last 
only about 15 seconds. This is too short a period for thoroughly blending 
the two materials in the conventional type of mixer. 

Batch Process^^ 

In order to continue mixing during the plastic stage, heavy-duty Read 
sigma blade mixers of the tilting-type were installed equipped with 30 h-p 
motors. Scales with suspended hoppers and tanks for weighing the finely 
ground rock and acid were mounted over the mixers and provisions were 
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Figure 1 . Flow diagram for superphosphate plant using batch mixing and stor- 
age curing. 

made for diluting the 80 per cent acid to 78 per cent H 3 PO 4 . The acid 'was 
first introduced into the mixer and then the rock added in order to avoid 
immediate setting of the mass. Each batch was retained in the mixer for 
approximately 3 minutes but approximately 1 minute was an effective 
mixing period. The mixer was then tilted, dumped and the relatively dry 
set-up product discharged through a grizzly onto a conveyor belt and 
taken to the curing pile. The product was allowed to cure for a period of 
3 to 4 months and then dug out by means of portable electric shovels. 
Dynamite was frequently used to loosen the set-up material so it could 
be handled by shovels. The cured superphosphate was then carried to a 
central hopper, discharged through a grizzly onto a belt conveyor, taken 
up by a bucket elevator, disintegrated in a cage mill, screened and bagged 
for shipment. A flowsheet of the triple superphosphate plant using this 
batch process is shown in Figure 1. The results obtained by this process 
are given in Table 3 . 
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The data in Table 3 are taken from the engineering report of the TVA^^ 
The upper section shows the results of plant operations with this batch 
process over a period of one year. The data include the grade of rock, 
concentration of acid, proportions in which these two materials were 
mixed, and the composition and availability of the fresh and cured product. 
The lower section gives similar data resulting from control experiments 
conducted in the laboratory. The somewhat better results obtained in the 
laboratory are attributed in part to more thorough mixing of this acid 
and rock and more favorable curing conditions. 

Although the product thus obtained was fairly satisfactory, the power 
consumption, repairs and maintenance were excessively high and the output 
rather low (15 tons per mixer per hour of operating time). Frequent shut- 
downs for repairing and cleaning the equipment added appreciably to the 
cost of manufacturing triple superphosphate by this batch process and it 
was evident that a simpler and more economical scheme was required. 
After a long period of experimentation in the laboratory and on a plant 
scale a continuous method was devised and is now in successful operation. 

Continuous Process 

The development of this process is described in detail by Bridger and 
his co-workers'^’ but the outstanding feature is the type of equipment 
used in mixing phosphate rock with concentrated phosphoric acid. 

The following is a condensed description of the installation and pro- 
cedure, quoted from the latest report of this government agency 

"Acid Feeding System 

Phosphoric acid from the acid plants was pumped to yard storage tanks 
where it was diluted from approximately 82 per cent H3PO4 to slightly 
above the desired concentration (usually in the range 74 to 78 per cent 
H3PO4). For final adjustment, it was then pumped to tanks mounted 
above the mixing unit, where liberal use of air for agitation was found 
helpful in accurate adjustment of acid strength. From these tanks the acid 
was fed by a constant-pressure centrifugal pump through a Fischer-Porter 
rotamatic acid flow controller-recorder (capacity 0 to 52,000 pounds per 
hour with a liquid specific gravity of 1.58) to acid-distributing nozzles in 
the mixer. All parts of this unit in contact. with the acid were made of 
A. I. S. I. type 316 stainless steel. A removable strainer made of stainless 
steel was installed in the acid line ahead of the rotamatic controller, pre- 
vented large particles sometimes present in the acid from reaching the 
controller. The strainer was 4 inches in diameter and 30 inches long and 
had slot openings by % inch in size. Compressed air was used for actuation 

in the controller. As a further refinement of acid flow control this compressed 
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air was passed through an alumina gel drier to prevent troublesome con- 
densation of moisture from the air in the actuating mechanism. A recording 
thermocouple was installed for measurement of the acid temperature; a 
pressure regulator maintained the pressure in the acid line to the rotameter 
at about 23 pounds per square inch. 

“When acid fairly free from suspended solids was used, rotameter per- 
formance was good. In test operation, the indicated quantity of acid fed 
by the rotameter was within 2 per cent of the amount calculated from 
volumetric measurements of the acid storage tanks. The instantaneous 
fluctuations of the recorder pin were within 1 per cent of the set value. 

"Rock-feeding system — Rock phosphate (Tennessee rock, approximately 
32 per cent P 2 O 5 ) ground to about 80 per cent —200 mesh was conveyed 
intermittently from storage silos to a feed bin located above a Merrick 
Feedoweight constant-weight feeder (capacity, 6 to 18 tons per hour) which 
regulated the flow of pulverized rock to the mixer. Rock from the bin was 
delivered to the feeder through a 9-inch variable-speed screw conveyor 
designed to run full at all times. The speed of this conveyor was regulated 
by the feeder mechanism. Rock discharged from the feeder into a 6-inch 
screw conveyor inclined at 30 degrees with the horizontal, which delivered 
the rock to a vertical spout over the center of the mixing bowl. The in- 
clined screw feeder was beneficial in smoothing out minor pulsations in- 
herent in the feeder operation. Tests indicated that the amount fed by the 
feeder was within 2 per cent of the indicated value, and with unusually 
good calibration it was possible to reduce the error to within 1 per cent. 
A recording tachometer was used to assist in maintaining constant rates. 
Control of the rock level in the feed bin was maintained automatically 
by means of a level controller operated on an electrical capacitance prin- 
ciple. 

"Mixer Bowl 

The mixer consisted of an inverted truncated cone to which was attached 
a cylindrical extension at thu bottom. Acid was introduced to the mixer 
through four 1-inch pipes spaced equidistant around the perimeter of the 
mixer. These pipes rested flat against the mixer walls and were adjustable, 
but normally they extended about 6 inches below the rim of the mixer. 
To each pipe was attached a 45 degree ell in which was fitted a standard 
*t|-inch pipe nipple serving as a nozzle. The nipples were turned fiat against 
the mixer wall and they imparted to the acid a whirling motion along the 
side of the mixer. 

“Rock was introduced into the center of the mixer bowl through a 
vertical spout extending to a level just below the acid nozzles. The rock 
fell into the vortex created by the tangential introduction of the acid to 
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the mixer. The fluid level was slightly above the mixer discharge extension, 
which was completely full at all times. The acid and rock appeared to be 
thoroughly mixed as they discharged from the mixer, and there was further 
opportunity for mixing on the belt conveyor receiving the ejffluent because 
of the turbulence there. There was no build-up of superphosphate in the 
bowl as there was in the earlier unit in which rock was introduced at the 
side of the mixer. Introduction of the rock into the vortex of acid was found 
to give the best operation and resulted in thorough mixing when sufficient 
holdup of fluid superphosphate in the mixer bowl was maintained. Under 
test operating conditions at 30 tons of superphosphate per hour the reten- 
sion time in the mixer is estimated to be about 2 seconds, with a 2J-inch 
diameter extension. Extensions 6 inches in length . . . were easier to rod 
out when this became necessary. 

‘‘A ventilating hood over the mixer removed fumes and the negatively 
small amount of dust arising from it. The major portion of the fluorine- 
bearing fumes was liberated along the length of the conveyor belt beneath 
the mixer. The belt was enclosed in a structure provided with doors for 
cleaning beneath the belt and with exhaust lines for removal of obnoxious 
fumes. 

^‘Operation of the mixer began by starting first the rock to the mixer 
and then the acid. This procedure prevented acid from spilling on the con- 
veyor belt. 

“With precise control of the acid and rock rates to the mixer howl this 
unit gave trouble free operation. The entire mixing unit was operated by 
two men.’' 

A diagram of this mixer is shown in Figure 2. 

“Belt Conveyor 

The discharge from the mixer was received by a rubber belt conveyor 
running horizontally under the mixer. The center line of the mixer was 
approximately 6 feet from the center line of the tail pulley of the conveyor 
belt. The conveyor ran on troughing idlers and skirt boards about 4 feet 
long (made from pieces of discarded conveyor belt) were placed on each 
side of the conveyor under the mixer, A straight idler was installed approxi- 
mately 6 to 10 feet from the center line of the mixer to flex the belt and 
cause the material to break apart. It would otherwise set up to a solid state 
by the time it reached this point In addition, a series of knives was used to 
cut the superphosphate into narrow ribbons about Ij inches wide. 

“The conveyor belt used in the development of the continuous mixer 
unit was 36 inches wide and 37 feet between the center lines of the heads 
and tail pulleys. The belt traveled at a speed of 42.5 feet per minute, which 
provided a 45-second retention time for the superphosphate. With this belt 
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a maximum production capacity of 40 to 42 tons per hour of superphosphate 
could be maintained. 

"Disintegrator 

A squirrel-cage-type rotary disintegrator mounted above the conveyor 
belt at a point immediately over the head pulley shredded the superphos- 



phate as it was discharged from the conveyor belt. The disintegrator was 
24 inches in diameter and extended over the full width of the conveyor belt. 
The disintegrator knives, 12 in number, were made of stainless steel, with 
beveled edges, and were parallel to the axis of rotation. The disintegrator 
was driven at 90 revolutions per minute by a 5-horsepower motor. Clearance 
between the edge of the knives and the surface of the conveyor belt was 
adjustable, but a distance of about 1 to IJ inches was found to give the best 
results. The disintegrator was housed in a box above the conveyor belt with 
built-in deflectors to direct the shredded product in the proper direction. 
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The disintegrator, which operated independently of the rest of the mixer 
unit, gave practically trouble-free operation and required very little atten- 
tion. 

Disintegration of the superphosphate resulted in the formation of consid- 
erable fines, depending on the mixing conditions, and practically complete 
elimination of lumps over 2 inches in size. This facilitated handling of the 
product, permitted the building of larger piles in the shed in which the 
material was stored for curing (because of a greater angle of repose of the 
disintegrated material), and greatly reduced the difficulties due to large, 
hard lumps when the cured superphosphate was ultimately ground for ship- 
ment. 

‘‘Performance 

During the development of the mixer unit the acid concentration was 
varied from 72 to 80 per cent H 3 PO 4 , and the acid temperature was varied 
from 100° to 160° F. by means of a drip-type cooler. Good mixing was ob- 
tained in this range of acid concentrations and temperatures and was prob- 
ably better at the lower concentrations, although this was not confirmed 
quantitatively. ...” 

‘Tt was estimated that the mixing bowl used in this work would handle as 
high as 50 tons of superphosphate per hour with a 3-inch diameter extension, 
but because of limited retention time provided by the belt conveyor, a 
2|-inch-diameter extension and production rates between 40 and 45 tons per 
hour were used in most of the present work. Good operation of the mixer 
was not obtained at rates of 17 tons per hour and lower (using a If -inch- 
diameter extension), because the flow of rock and acid was not sufficient 
to maintain the vortex action needed for good mixing and resulted in the 
mixer becoming plugged.” 

A flowsheet of the continuous mixing plant is shown in Figure 3. 

“The advantages of the continuous-mixer process over the batch-mixer 
process are (1) it requires less operating labor, power, and maintenance; 
(2) it gives better mixing and therefore better P2O5 conversion than obtained 
with the batch-type mixers; (3) the investment required is less than that for 
the batch-mixing process; (4) control of the process can be made essen- 
tially automatic; and (5) considerably more flexibility is possible in opera- 
ting conditions, such as acid concentration, acid temperature, and acid-rock 
proportion, which permits operation at conditions found to be optimum for 
P2O5 conversion. . . 

“The chemical composition of cured superphosphates made from Tennes- 
see brown rock phosphate (32 per cent P2O5) in the continuous-mixer plant 
and in the batch-mixer plant are compared in Table 4. 

“A tabulation of some of the important operating indices for the two 
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Figure 3. Flow sheet for continuous production of concentrated superphosphate. 


Table 4 





Composition (%) 


Mixer 

Acid Usedi 
(%) H3PO4 

Acidulation, 

PjOs/CaQs 

P2O5 

Moist ure^ 

Conversion,*' ® 
(%) 




Total 

Available* 

Free Acid 


Batch 

78 

0.94 

48.1 

45.9 

1.1 

3.0 

86 

Continuous 

78 

0.98 

49.1 

47.9 

1.5 

3.4 

91 

Continuous 

75 

0.98 

48.5 

47.5 

2.0 

5.1 

93 


1 Acid temperature, 130 to 150 ®F. 

2 Mole ratio in product. 

3 M. S. H. method. 

^ Loss in weight over concentrated H 2 SO 4 . 

® Percentage of rock P2O5 converted to available form. 


Table 5. Comparison op Operating Indices for Batch- and 
Continuous-Mixing Units 



B»tch Process 

Continuous 

Process 

Number of mixer units 

2 

" 1' 

Production rate, tons superphosphate/operating hrL . . . . 

30 

40 

Power required, kw-hr/ton of superphosphate. 

1.0 

0.1 

Operating labor, ^ man-hr/ton of superphosphate 

0.16 

0.04 

Maintenance labor, man-hr/ton of superphosphate 

0.17 

0,02 

Maintenance materials, cents/ton of superphosphate. . . . 

9.7 

0.9 


^ In addition, the percentage of scheduled time operated is much greater for the 
continuous process than for the batch process because less maintenance and clean-up 
are required. 

2 Includes fQ^eman, 
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Table 6. Chemical Gontkol Bata fob Continuous-Mixing— Storage-Curing Plant 


Cured Superphosphate' 

Acid 

Con- 

sump. 

tion, 

P 2 O 6 

from 

Acid/ 

Avail, 

P 2 OS 

0.730 

0.719 

0.715 

0.717 

0.727 

0.730 

0.727 

0.720 

0.724 

0.735 

0.743 

0.751 

0.749 

0.731 

0.717 

0.726 

0.749 

0.730 

0.738 

0.725 

0.723 

0.731 

Conver- 

sion 

(MSH),2 

% 

os«oooosMi-<’-»'^'-<OS^2! 

oooooooooao>c»e»osc»ooc>c» 

91 

94 

94 

94 

94 

95 

94 

95 

a> 

Acidulation 

iS'§ 

p.c<dS 

2.39 

2.21 

2.17 

2.21 

2.43 

2.46 

2.46 

2.50 

2.54 

2.56 

2.59 

2.81 

2.81 

CO ■^<O«5l>.Cft00'<S< 

<£> 

ci 

^0^-2 

0 « ® tj 

0.96 

0.93 

0.92 

0.93 

0.96 

0.97 

0.97 

0.98 

0.99 

0.96 

0.97 

0.99 

0.99 

0.96 

0.93 

0.97 

1.00 

1.00 

0.97 

0.94 

0.92 

0.97 

O'kO 

20.5 

20.9 
21.0 

20.6 
20.1 
19.7 
19.5 
19.3 

18.9 

19.7 

18.7 
18.7 
19.1 

r- (Ncoojejoosoioo 

C» OCSOOOOCfeOO 

r-t C'l-H.-I— iwcsieq 

19.6 

< s 

47.7 
47.2 

46.8 

47.2 
47.0 
47.0 

46.7 

47.2 

46.8 
47.0 
47.4 
47.6 

47.3 

47.1 

46.5 

46.5 

46.6 

47.2 
48.0 

47.7 
47.6 

47.1 

oQs? 

49.4 
49.1 
48.6 

48.5 

49.0 

48.6 

48.0 

47.9 

47.6 

46.9 

47.1 
46.9 

47.7 

48.0 

47.3 

47.4 

47.5 

47.7 

48.8 
48.8 
48.4 

47.9 

Free 

Acid, 

% 




os as--jM^r-40sr^ 

-4 — (C<»OaCS|C^rHf~* 

<N 

Mois- 

ture 

% 

2.6 

2.5 

2.9 

3.0 

3.3 

4.1 

4.6 

4.9 

4.9 

5.3 

5.9 
6.0 
5.5 

0 eo 0 (N 00 eo 

M5M5«5M>WSWS'<t< 

5.2 

Cur- 

ing 

Time, 

wk. 

19 

18 

18 

19 

19 

18 

16 

15 

15 

18 

18 

16 

15 

ub<MM^eO»OU30 


Fresh Superphosphate 

Acid 

Con- 

sump- 

tion, 

P*Os 

from 

Acid/ 

Avail. 

PiOs 

0.789 

0.745 

0.731 

0.739 

0.743 

0.735 

0.739 

0.744 

0.732 

0.751 

0.733 

0.746 

0.747 

0.743 

0.729 

0.732 

0.734 

0.740 

0.735 

0.734 

0.739 

0,736 

d.ScoSN 

0 M'S 

u e 

72 

85 

88 

89 

87 

88 

85 

88 

90 

90 

88 

91 

89 

88 

89 

89 

87 

89 

92 

80 

89 

os 

00 

PtOs/ 

CaO 

Mole 

Ratio 

1.03 

1.01 

0,97 

1.01 

0.98 

0.97 

0.97 

0.99 

0.99 

1.02 

0.94 

0.97 

0.96 

0.98 

0.93 

0.96 

0.97 

1.00 

0.96 

0.94 

0.93 

96*0 

9 ^ 

0 

18.9 

18.8 

19.0 

18.6 

18.7 

18.9 

18.8 

18.5 
18.7 

18.3 

19.9 

19.3 

19.5 

18.9 

19.9 
19.2 
19.0 
18.5 
19.7 
19.7 
19.9 

19.3 

Isiss 

45.3 

45.8 
45.5 
46.0 

44.8 

44.7 

43.9 

44.8 
45.5 

46.0 
45.7 
46.2 

46.1 

45.6 

45.3 
45.1 
44.9 

45.5 

46.7 

45.6 

45.4 

45.4 

14 ^ 

49.2 
47.9 

47.2 

47.5 

46.6 

46.4 
46.0 

46.5 
46.8 
47.4 
47.4 
47.4 

47.6 

47,2 

46.9 

46.7 

46.7 

46.9 

47.9 

46.9 
46.9 

46.9 

Free 

Acid, 

% 

10.4 

7.6 
6.3 

6.7 

6.8 
6.8 

7.0 
6.6 
6.7 

6.9 

5.9 
6.5 

6.1 

6.8 

5.3 

5.5 
5.9 

6.6 

5.3 

6.4 
6.0 

us 

‘uJU 

82.0 

77.7 

76.1 

75.4 
75,6 

75.2 

75.2 
74,9 

74.8 

75.2 
77.0 
77.0 

77.4 

76.4 

77.0 
77.2 

77.1 

77.1 
77.0 
77.0 

77.4 

ty 

Rock 

- 

P?Os/ 

CaO 

Mole 

Ratio 

0.280 

0.290 

0.286 

0.286 

0.280 

0,282 

0.284 

0.280 

0.284 

0.274 

0.274 

0.263 

0.265 

0.278 

0.274 

0.280 

0.286 

0.282 

0.270 

0.270 

0.265 

t- 

0 

^ m 

32.0 

31.7 

32.3 

32.2 

31,9 

32.5 

32.0 

31.6 

31.6 

31.7 

31.1 

30.8 

31.2 

31.6 

30.9 

30.8 

31.2 

31.2 

33,0 

31.6 

31.4 

31.3 

Source 

Tenn. 

Florida 

Florida 

Tenn. 

Florida 

Month 

Made 

1946 
January 
February 
March 

April 

May 

June 

July 

August 
September 
Oct. 1-13 
Oct. 14-30 
November 
December 

Average* 

1947 
January 
February 
March 

April 

May 1-10 
May 11-31 
June 

Average* 


* Data for superphosphate made in oorresponding month. * Maclntire-Shaw-Hardin method. See "Equipment and procedures.” * Weighted on basis of superphosphate production. 
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types of unit, based on operating experience, is shown in Table 5. (These 
data are for proportioning and mixing only and do not include conveying of 
raw materials or product). 

''Chemical control date for several months of operation of the continuous- 
mixing-storage-curing process are shown in Table 6. The moisture and free 
acid contents of the cured product were higher than for the batch-mixer 
product described in Table 3, because of the shorter curing time and higher 
acidulation used during the more recent period in which the continuous 
mixer was used. The conversions were higher for the continuous-mixed prod- 
uct, because of better mixing and higher acidulations. Acid consumptions 
were slightly higher for the continuous-mixed product even though conver- 
sions were also higher; this is due to the higher acidulations used.” 

Whereas this continuous process of manufacturing triple superphosphate 
is a notable development and a distinct improvement over the batch process 
formerly employed by the TVA, furnace-grade phosphoric acid is more 
costly than the crude acid obtained through the medium of sulfuric acid^- 
So far, the bulk of the electric furnace acid (except that produced by 
TVA) has been consumed in the preparation of relatively pure salts for food 
and chemical pui poses. However, if further developments render it practic- 
able to produce such acid at a cost comparing favorably with that of crude 
acid obtained through the medium of sulfuric acid, there is little doubt that 
it will displace a substantial proportion of the latter in the manufacture of 
triple superphosphate and other concentrated fertilizers. 
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17 . Ammonium Phosphates and 
Ammoniated Superphosphates 

E. W. Harvey 

Assistant Manager, Barrett Div.j Allied Chemical & Dye Corp. 

and 

G, L Frear 

Physical Chemist, Barrett Div., Allied Chemical & Dye Carp. 

Ammonium Phosphates 

The potential value of ammonium phosphates as fertilizers has long been 
recognized. Use of orthophosphoric acid to fix either by-product or syn- 
thetic ammonia gives products in which both the acid and base have ferti- 
lizer value. Pure monoammonium phosphate contains 12.2 per cent nitro- 
gen, 617 per cent P2O5, or a total of 73.9 per cent plant food. Diammonium 
phosphate contains 21.2 per cent nitrogen, 53.8 per cent P 2 O 6 , or a total of 
75 per cent plant food. The advantage of such concentrated materials in 
respect to shipping, packaging, and handling costs renders them competi- 
tive in certain areas with ordinary fertilizer even though the production 
costs for the ordinary fertilizer may be less. 

In ammonium phosphates a volatile base is combined with a relatively 
stable and nonvolatile acid. Heating converts ammonium phosphates into 
tacky masses. This property, coupled with their solubility, has led to ex- 
tensive use of ammonium phosphates in fire-retardant compositions for 
impregnation of combustible materials. 

Properties of Monoammonium Phosphate 

Monoammonium phosphate crystallizes in the tetragonal system®^. Crys- 
tallographic data are listed in Table 1. During World War II special tech- 
niques were developed for the growth of large single crystals of mono- 
ammonium phosphate, since its piezoelectric properties were utilized in 
high-frequency oscillators for electronic communications equipment^"^. 

Monoammonium is more stable than diammonium phosphate. The disso- 
ciation pressure of dry monoammonium phosphate is negligible up to 100°C 
and at 125®C^it is only G.05 mm of mercury®®. Thermodynamic data for 
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monoammoniiim phosphate are given in Table 2. The solubility relation- 
ships of the ammonium orthophosphates are represented in Figure 1 by 
the Oj 25, 50, and 75°C solubility isotherms of the ternary system 


Table 1. Geystal Peopebties of Ammonium Phosphates 



NH 4 H 2 PO 4 

(NH4)2HP04 

Crystal system 

Tetragonal 

Uniaxial negative 

1 . 5246^» 

Monoclinic 

Optical characteristics 

Axial angle 90° 

Refractive indices 

Ordinary ray (Na D lines) 

Extraordinary ray (Na D lines) . . 
Alpha (white light) 

1.4792«s 

1.508 

Beta (white light) 


1.516 

Gamma (white light) 


1.525 

Specific gravity 

1.803 at 19°C 

1.619 



Table 2. Theemodynamig Peopeetibs at 25°C 




NH 4 H 2 PO 4 

(ciyst.) 

(NH4)2HP04 
(cry St,) 

Heat of formation. 

AHf°, kcal/mole* 

-346.75 

-376.12 

Free energy of formation 

AFf°, kcal/mole 

-290.46 


Entropy 

S°, cal/deg mole | 

36.32 


Heat capacity 

Cp°, cal/deg mole 

34.0 

43.5 


Heats of formation in aqueous solution* 


Moles H 2 O per Mole of Salt 

AHf®, kcal/mole 

NH 4 H 2 PO 4 i 

(NH4)2HP04 

11 

j 

-374.07 

20 

-343,07 

-373.96 

30 

-343.05 

-373.82 

40 

-343.03 

-373.71 

50 

-343.01 

-373.63 


* The increment in heat content (or enthalpy) associated with the reaction of 
forming the given compound from crystalline white phosphorus and from nitrogen, 
hydrogen and oxygen in a state of unit fugacity (1 atm.) . 


(NH 3 -HP 304 “H 20 )^°’ This figure indicates the existence of an am- 

monium phosphate more basic than diammonium phosphate and of another 
ammonium phosphate more acidic than monoammonium phosphate. 

Figure 1 shows also that monoammonium phosphate dissolves congru- 
ently in water. The solubility of monoammonium phosphate in water at 
various temperatures is shown in Table 3. It is more soluble in dilute aque- 
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ous ammonia than in water or dilute phosphoric acid. The pH of a 0.1 molal 
solution is 4.38, which is alkaline to methyl orange and acid to methyl red®. 
The vapor pressures of saturated monoammonium phosphate solution and 



Figure L Solubility isotherms in the system NH 3 -H 3 PO 4 -H 2 O at 0, 25' 50, and 
.75"C. ■ ■ ■■": 

the relative humidity of the air in equilibrium with it are given in Table 
4, 

In Gonnection with its use in fertilizers, the particle strength of needle- 
like monoammonium phosphate crystals has been shown by shatter tests 
to be satisfactory. Its drillability varies with the particle size distribution 
but is regarded as satisfactory^®' Pure monoammonium phosphate is 
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among the least hygroscopic of the soluble fertilizer salts; the relative 
humidity in equilibrium with its saturated aqueous solutions up to 40®C 
(104°F) exceeds 90 per cent, as shown in Table 4. 

Compatibility of Monoammonium Phosphate. The stability and low hy- 
groscopicity of monoammonium phosphate render it compatible with many 


Table 3. Solubility of Monoammonium Phosphate and of Diammonium 
Phosphate in Water 


Temp. ("C) 

NH 4 HJPO 4 

1 (NH4)tHP04 


I Grams per 100 grams water 

0 

22.7 


10 

29.5 

62.8 

20 

37,4 

69.0 

25 

40.3 

71.0 

30 

46,4 

75.2 

40 

56.7 

81.8 

50 

68.0 ! 

89.2 

60 

82.5 i 

97.3 

70 


106.0 

75 

108.8 

108.7 

80 

118.3 


100 

173.2 


110.5 

215.0 



Table 4 


Temp. (“C) 

Vapor Pressure of Sat’d 
NH4 HjP 04 Solution 
(mm Hg) 

Relative Humidity of Air in 
Equilibrium with Saturated Solution 
(%) 

10 

8.94 

97.8 

15 

12.44 

97.0 

20 

16.10 

91.7 

25 

21.91 

91.9 

30 

29.18 

' 91.6 

40 

50.05 

90.3 

50 

i 81.56 

88.2 


other fertilizer materials. Vapor pressures- at 30°C (86°F) of aqueous solu- 
tions saturated simultaneously with monoammonium phosphate and with 
other primary phosphates, ammonium salts or urea are shown in Table 5. 
The relative humidities of the saturated solutions with and without mono- 
ammonium phosphate are also shown. These mixtures of monoammonimn 
phosphate with other fertilizer salts having a common ion or with urea are 
relatively nonhygroscopic; in most cases the addition of monoammonium 
phosphate lowers the relative humidity over the saturated solution of the 
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other material by only a few per cent. Mixtures of 78 per cent monoammo- 
nium phosphate and 7 per cent ammonium sulfate (11 per cent N, 48 per 
cent PaOs) and of 32 per cent monoammonium phosphate and 59 per cent 
ammonium sulfate (16 per cent N, 20 per cent PaOs) were introduced into 
the fertilizer trade under the name '^Ammo-Phos'^^®. These mixtures have 
outstanding physical properties and are relatively simple to manufacture. 
They show little tendency to cake in storage. Soluble salts which do not 
have any ions in common with monoammonium phosphate react with 
it in the presence of small amounts of water to form systems of recipro- 
cal salt pairs®®. Thus calcium nitrate reacts forming ammonium nitrate 
and monocalcium phosphate: Ca(N 03 ) 2 -41120 + 2 NH 4 H 2 PO 4 2 NH 4 NO 3 
-f Ca(H2PO02-H2O + 3 H 2 O. According to the phase rule, both pairs of 


Table 5. Vapor Pressure at 30°C op Saturated Solutions op Mixtures op 
NH4H2PO4 WITH Other Fertilizer Salts Containing a Common Ion or with 

Urea^ 


] 

Mixtures of NH 4 H 2 PO 4 
with 

Vapor Pressure of 

Sat’d. Soln., mm Hg 

Relative Humidity of Air in Equilibrium 
with Sat’d Soln. 

of Both Salts 

of Added Salt Alone 



. (%) 

(%) 

KH 2 PO 4 

28.99 

91.0 

92.9 

Ca(H 2 P 04 ) 2 *H 20 

28.26 

88.8 i 

93.7 

(NH4)2S04 

24.13 

75.8 1 

79.2 

NH 4 CI ! 

23.68 

74.4 

77.2 

Urea 

20.77 

65.2 i 

72.5 

3SrH4N03 

18.46 

58,0 i 

1 

59.4 


salts can coexist in equilibrium with the saturated solution and its vapor 
only at one temperature. At any other temperature there can exist as a 
solid phase in equilibrium with the solution, vapor, and stable salt pair only 
one or the other member of the unstable salt pair. The occurence of solid 
solutions or double salts alters these relationships. 

Table 6 shows fertilizer salts with which monoammonium phosphate 
forms stable salt pairs at 30°C (86®F). The compositions of the solid phases 
of the stable salt pair appear in column 2. Column 3 gives the solid phase of 
the unstable pair that .forms upon addition of small quantities of water to 
the stable pair. The vapor pressure of the saturated aqueous solution and 
the relative humidity of the atmosphere in equilibrium therewith are shown 
in columns 4 and 5. Comparison of columns 5 and 6 shows how the addition 
of monoammonium phosphate lowers the equilibrium relative humidity 
from that of the saturated solution of the given salt alone to that of the 
equilibrium mixture shown. Despite the relatively low solubility of mono- 
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ammonium phosphate, its presence increases the hygroscopicity consider- 
ably in some of these cases. 

In summarizing the data with respect to compatibility with other fer- 
tilizer salts, monoammonium phosphate may be said to be completely 
compatible with ammonium sulfate, potassium sulfate, calcium sulfate, 
monopotassium phosphate, and mono- and dicalcium phosphate. Its mix- 
tures with urea, ammonium nitrate, and sodium nitrate are somewhat 
hygroscopic though not much more so than these substances by them- 
selves. Potassium nitrate is among the least hygroscopic fertilizer salts, 
but its mixtures with monoammonium phosphate are about as hygroscopic 


Table 6. Fertilizer Salts with Which NH4H2PO4 Forms Stable Salt Fairs^^ 


Salt 

Solid Phases Representing 

Vapor 

Pressures ofi 

Relative Humidities 
of Air in Equilib- 
rium with 

Stable Salt Pair 

Unstable Salt Pair 

Sat’d. Solns. 
at 30®C 

These 

Sat’d. 

Solns. 

(%) 

Sat’d, 
Sola, of 
Salt 

Alone {%) 

NaNOa 

i 

NH 4 H 2 PO 4 ; NaNOa 

NaHjPO.-aHjO 

mm Hg. 

20.30 

63.8 

72.4 

KNO 3 

(NH4,K)H2F04;^ 

K(NH 4 )N 05 »^ 

NH4(K)NOj» 

19.03 

59,8 

90.5 

K 2 SO 4 

(NH4,K)H2P04; 


25.16 

79.0 

96.3 

CaS04 

(K,NH4)2S04^ 

NH 4 H 2 PO 4 ; CaS 04 - 2 H 20 

( 0 ) 

Ca(H 2 P 04 )!-H 20 

29.37 

92.3 



This formula represents a member of a complete series of solid solutions ex- 
tending from one pure salt to the other. 

^ This formula represents a member of a series of solid solutions that does not 
extend continuously from NH4NO3 to KNO3. 

® There are only 2 solid phases in this system, but this is the point of maximum 
hygroscopicity and solubility. 

as ammonium nitrate. To minimize bag-set, mixtures containing mono- 
ammonium phosphate and salts with which it forms reciprocal salt pair 
systems should be allowed to come to equilibrium prior to bagging. This is 
particularly true in cases as with potassium chloride with which it forms 
the unstable pair; the resulting pair is only moderately hygroscopic. Mix- 
tures of monoammonium phosphate and calcium nitrate, especially when 
the latter is in excess, are extremely hygroscopic. Neutralization of the 
physiological acidity of monoammonium phosphate with limestone is un- 
desirable, but dolomite may be used providing that overheating is avoided. 

Methods of Manufacture 

High-grade monoammonium phosphate can be made by absorption of 
anhydrous ammonia in phosphoric acid made from elemental phosphorus®^. 
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The process is of a continuous, single-stage saturator type similar to that 
used in the manufacture of by-product ammonium sulfate. By starting with 
75 per cent phosphoric acid a pasty mass results from which crystalline 
monoammonium phosphate may be obtained by cooling, centrifuging, and 
drying. In crystallizing the product it is to be noted that the temperature 
coefficient of solubility of monoammonium phosphate is much greater than 
that of ammonium sulfate and that monoammonium phosphate crystals 
grow faster and have a greater tendency to knit together®^. Moreover, if 
wet-process phosphoric acid is used, the precipitation of a considerable 
proportion of iron and aluminum phosphates as a gelatinous sludge presents 
complications not encountered in the manufacture of ammonium sulfate. 

Fertilizer-grade monoammonium phosphate may be made batchwise from 
wet-process phosphoric acid and ammonia liquor from by-product coke 
manufacture®^. The ammonia liquor is fed’ into the circulating batch of 
acid until the NH4H2PO4 composition is reached. The concentrations of 
the reactants and the temperature are such that the resultant slurry can 
be pumped through pipelines. The product can be dried in a rotary oil-fired 
dryer. 

A process for the continuous production of granular concentrated fer- 
tilizers^ has been developed by the Dorr Company. According to 
Weber®®' this ‘‘process is especially attractive for the production of 
ammonium phosphate and is used by two of the largest producers of this 
t 5 rpe of product, one in Texas and the other in British Columbia. 

“In this process, phosphoric acid or phosphoric acid mixed with sulfuric 
acid is neutralized with ammonia, essentially to monoammonium phos- 
phate, blunged or mixed with a large quantity of previously produced 
granules and dried^h Only a very closely sized preferred fraction is screened 
out and the remainder, both oversize and undersize, circulates in the 
process. A very uniform, spherical, hard granule is produced. The entire 
production may be obtained as, for instance, ~8 +10-mesh granules (2.4 
to 1.7 mm). 

“By varying the relative quantities of phosphoric acid and sulphuric 
acid used the N 2 to P 2 O 6 ratio of the finished product can be varied from 
a straight monoammonium phosphate containing about 11 to 12 per cent 
nitrogen and 48 to 52 per cent P 2 O 6 to pure ammonium sulfate with 21 per 
cent nitrogen. The intermediate products consist of mixtures of ammonium 
phosphate and ammonium sulfate to give analyses such as: 

IS-lS-fi, 16-24-0, 15-^0-0,14-^5"<) and 13-39-0. 

“The heat of neutralization is utilized to effect considerable evaporation 
of water so that the strength of phosphoric acid produced by the Dorrco 
Strong Acid Process (see Chapter 12) is sufficiently concentrated for use 
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in this process without evaporation and the evaporation station can be 
eliminated entirely. 

‘'A simplified flowsheet of this process is shown in Figure lA and Figure 
IB illustrates a typical arrangement for a small plant. 

“The phosphoric acid, or the mixed phosphoric-sulphuric acids, flow thru 
a series of agitators or saturators. The bulk of the neutralization is accom- 
plished in the first agitator and the slurry is brought to the correct pH in 
the second and third agitators. The neutralized product is a thi(^k slurry 
or a crystal magma. 

“The mixer or so-called blunger consists of a trough shaped tank set on 
a slope and provided with two parallel horizontal shafts. These are equipped 

Pho«phorle Acid 



Figube la. Dorrco ammonium phosphate process. 


with overlapping angular blades and rotated towards each other so as to 
effect a very efficient mixing or fluidizing. A large amount of intermediate 
size dried granules are fed to the blunger together with a controlled amount 
of fine material derived from pulverizing any oversize granules and from 
the dust collecting system and drier cyclone. The slurry from the agitators 
is mixed with this dry material in the blunger. The granules are rolled and 
tumbled in such a way that they are given a thin uniform surface coating 
of wet slurry. 

“This moistened product is then dried in a concurrent direct heat rotary 
drier. Due to the character of the feed, granular with only surface moisture, 
the drying is very rapid and the thermal efficiency is high, 

“The product from the drier is conveyed and elevated to double deck 
screens. The material from between the screens is the finished product. 
The screen undersize is returned to the blunger as is also the screen over- 
size after pulverizing and any fines recovered from the drier gases and the 
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dust control system. The drier gases before release to the atmosphere are 
water washed for removal of any fine dust and fiuosilicates. 

''The amount of dry material recycled to the blunger is of the order of 
6 to 12 tons per ton of material produced so that in effect and on the average 
each granule produced is composed of 6 to 12 onion like shells or laminations 
which have been successively dried on initial crushed fragments or nuclei. 
The requisite number of nuclei, which determines the average size of the 
circulating material, is obtained by controlling the amount of material 
pulverized. The thickness of each layer is established by controlling the 
rate of recirculation and viscosity or thickness of the *slurry produced in 
the agitators. 

"The process is entirely continuous and can be designed and controlled 
to produce any reasonable desired size of granule. The granules are spheri- 
cal and of remarkably uniform size.’^ 

Properties of Diammonium Phosphate 

Diammonium phosphate is attractive for fertilizer use, owing to the 
comparatively high proportion of nitrogen-to-phosphorus that it contains 
and the high total plant-food content. The physical characteristics of the 
material that has been available, however, have discouraged the use of 
the product as a fertilizer in this country. Recently a new process has been 
developed which is reported to yield diammonium phosphate of satisfactory 
fertilizer properties. 

Diammonium phosphate upon heating decomposes into ammonia and 
monoammonium phosphate. The dissociation pressure of the dry solid is 
about 5 mm of Hg at 100°C and 30.0 mm at 125°C®^. Higher dissociation 
pressure has been indicated by Passille^®. In the presence of its aqueous 
solutions diammonium phosphate exhibits a higher dissociation pressure, 
for the products in these circumstances are free ammonia and an aqueous 
solution unsaturated with respect to monoammonium phosphate®^. Extra- 
polation of measured values of the vapor pressure of diammonium phos- 
phate solutions extending up to 5 molaP® indicates that for solutions satu- 
rated at 25°C (5.4 molal) the equilibrium partial pressures of ammonia and 
water vapor are about 1.06 mm and 21,1 mm respectively. This vapor 
pressure of ammonia from the saturated aqueous solution is about 100 
times the calculated value for the dry salt at 25‘^C. 

The solubility relations of diammonium phosphate as well as monoam- 
monium phosphate are indicated by the data in Table 3 and the solubility 
isotherms of the ternary system NH3-P2O5-H2O shown in Figure 1. 

Diammonium phosphate dissolves congruently in water at temperatures 
of 0 to 75°C®® though a very slight excess of ammonia causes precipitation 
of a more basic.- phosphate which is less soluble than diammonium phos- 
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pliate. The stability range of diammonium phosphate is much greater in 
the direction of monoammonium phosphate; solutions containing a 
NH3/P2O6 mole ratio of 1.6 have been recommended for the crystallization 
of diaimnonium phosphate®^. The pH of 0.1 molal solution of diammonium 
phosphate is 7.8®^ Thermodynamic values of diammonium phosphate in 
the crystalline state as well as aqueous solutions are given in Table 2. 

Diammonium phosphate offers advantage over monoammonium phos- 
phate as a fertilizer material in that the fixing power of phosphoric acid 
for ammonia in the di-salt is twice that in the mono-salt. A form of diam- 
monium phosphate recently developed by the TVA on a pilot-plant scale®^ 
was reported to have properties better than those of forms of the compound 
that were previously available. 

Since the TVA product was obtained from a solution that contained 
excess phosphoric acid, the product contained from a few-tenths to several 
per cent of monoammonium phosphate equivalent, mostly distributed on 
the surface of the crystals. The individual crystals consisted of thin plates, 
octagonal in outline with a diameter about 10 times the thickness. A 
typical particle was formed from several plates bonded together by a film 
of crystallized mother liquor. 

The major portion of the product, which approximated a 2:1 mole ratio 
of ammonia to phosphoric acid, absorbed comparatively little moisture at 
80 per cent relative humidity. The product evidently can withstand ex- 
posure to normal atmospheres without excessive absorption of moisture. 

Dry diammonium phosphate is sufficiently stable for wide general use. 
If considerable monoammonium phosphate is present there is less ammonia 
loss for a given proportion of moisture absorbed than in relatively pure 
diammonium phosphate, but this effect is offset by the greater tendency 
to absorb moisture. Dissociation of dry diammonium phosphate at 60°C 
is actually hastened by addition of monoammonium phosphate^ 

Caking tendencies of diammonium phosphate are comparable with those 
of monoammonium phosphate; both products may be regarded as satis- 
factory in this respect. 

The drillability of TVA diammonium phosphate in fertilizer distributing 
equipment was found to be satisfactory®^ even when exposed at 80 per cent 
relative humidity for 24 hours. Inferior drillability was reported^^ for 
another form of diammonium phosphate that contained a wide range of 
particle sizes. 

Compatability of Diammonium Phosphate with Other Fertilizer Ma- 
terials. Mixtures of TVA diammonium phosphate plus muriate of potash 
with ammonium sulfate, superphosphate, triple superphosphate or mono- 
ammonium phosphate gave satisfactory results in caking, hygroscopicity, 
drillability and chemical stability®^ tests. Diammonium phosphate-muriate 
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of potash mixtures with sodium nitrate were satisfactory except for high 
moisture absorption at 35®C (95®F) and 83 per cent relative humidity. 
Mixtures containing diammonium phosphate plus muriate of potash and 
either ammonium nitrate or urea must be stored in moisture-proof con- 
tainers, for they do not drill well if exposed to humid atmospheres. No loss 
of ammonia was observed from the mixtures with ammonium nitrate or 
urea that contained 0.5 unit of nitrogen per unit of P 2 O 6 , but decomposition 
occurred in mixtures of these materials that contained 0.75 and 1.0 units 
of nitrogen per unit of P 2 O 8 . 

TVA tests showed that mixtures of diammonium phosphate that con- 
tained calcium cyanamid lost ammonia in storage®^. Addition of limestone 
to render diammonium phosphate physiologically neutral resulted in high 
loss of ammonia at SO^C’' from mixtures that contained 5 per cent moisture. 
Parallel tests with dolomite gave smaller but significant losses. Negligible 
NH3 loss was observed from 4:1 mixtures of 100-mesh calcitic and dolomitic 
limestones with nitrophoska that contained 60 per cent diammonium phos- 
phate even in the presence of 6 per cent moisture^®. 

Methods of Manufacture 

In most processes for the manufacture of diammonium phosphate, phos- 
phoric acid is neutralized with ammonia in two stages. When wet-process 
phosphoric acid is used, the first stage of the introduction of ammonia 
results in precipitation of the bulk of the iron, aluminum, fluorine, calcium, 
and magnesium which are present. These impurities can then be removed 
by filtration. The filtrate which consists of a practically pure solution of 
monoammonium phosphate is evaporated and then saturated with ammonia 
to a NH 3 /P 2 O 6 mole ratio of 2:1. The product is crystallized, centrifuged 
and dried. The equipment required in this process is similar to that de- 
scribed for manufacture of the mono-basic salt. Diammonium phosphate 
solution is alkaline*® and is not especially difficult to handle. 

Several European plants employ a process^® in which the heat of neutrali- 
zation is utilized without loss of ammonia. By producing the monoammo- 
nium phosphate solution at its boiling point, the impurities are precipitated 
in a filterable form. The filtrate, after concentration in an evaporator, 
passes at its boiling point into an agitator where it is treated with more 
ammonia. The ammonia at first is absorbed almost completely by this 
solution while steam is liberated due to the heat of neutralization. When 
about half of the monoammonium phosphate has been converted into 
diammonium phosphate, the absorption is less complete and the escaping 
steam contains more ammonia. The mixture of ammonia and steam is 
used in another agitator in which the monoammonium phosphate solution 
is produced from wet-process phosphoric acid. The phosphoric acid solution 
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is preferably preheated to its boiling point before the ammoniacal steam 
is admitted. The steam generated in this stage of the neutralization can 
be utilized in preheating the acid. 

Excess ammonia is used in the diammonium phosphate generator, since 
it serves to carry off considerable quantities of steam, thereby lowering the 
solution temperature from 110 or il5''C to 100 °C or lower. Since at high 
temperatures diammonium phosphate is less soluble than monoammonium 
phosphate, much of the diammonium phosphate crystallizes out in the 
solution. The crystals are separated by centrifuging from the solution while 
it is hot or after cooling. The solid diammonium phosphate is dried at a 
moderate temperature and the solution is returned to the agitator with 
the next batch of monoammonium phosphate solution. The. process can 
be operated also without the evaporator by using a series of agitators. 

Furnace-process phosphoric acid (80 per cent H 3 PO 4 ) may be added to 
diammonium phosphate mother liquor in a tank, or saturator, provided 
with a mechanical agitator^®. By introducing gaseous ammonia the solution 
is brought to a 85:15 ratio of monoammonium phosphate to diammonium 
phosphate. Stirring is continued until the desired amount of water has 
been vaporized by the heat developed in the neutralization. The solution 
is discharged into a horizontal, water-jacketed, gas-tight rotary drum, 
further ammonia is added in the space in the drum above the solution 
imtil all the monoammonium phosphate is converted into diammonium 
phosphate. The charge is crystallized by continued rotation of the drum 
while it is cooled to ordinary temperatures by circulation of water through 
the cooling jacket. The crystals are removed by means of an Oliver filter 
and dried below 80®C (176°F) while the mother liquor is recycled. 

The process developed by TVA for preparation of diammonium phos- 
phate has not been published in detail. It consisted in continuous, sin- 
gle-stage saturation similar to that commonly used for manufacturing 
by-product ammonium sulfate®^. Gaseous ammonia and concentrated phos- 
phoric acid were fed continuously, at an NH 3 :H 3 P 04 mole ratio of sub- 
stantially 2.0 into a saturated solution of ammonium phosphate at about 
60°C. Diammonium phosphate crystallized from the solution and was re- 
covered by settling, centrifuging, washing and drying. The NH 5 :H 3 P 04 
mole ratio in the solution was maintained at about 1 . 6 ; the corresponding 
pH was about 6.0. This feature of the process is critical in preventing 
formation of unstable basic phosphates, and in minimizing the ammonia 
content of vapors escaping from the saturator. The crystals of diammonium 
phosphate which precipitated from this solution were wet with a film of the 
relatively acidic mother liquor, a portion of which was displaced by water 
during washing and the remainder of which crystallized on the diammonium 
phosphate crystals. The resulting product contained from a few-tenths to 
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several per cent of monoammonium phosphate equivalent, most distrib- 
uted on the surface of the particles of the dibasic salt. This characteristic 
was believed to be peculiar to diammonium phosphate produced by this 
process, because most, if not all, other processes call for crystallization 
from solutions having NHg : H3PO4 mole ratios close to 2.0. 

•Ammoniation op Superphosphates 

Introduction 

Combination of superphosphate with aqueous or anhydrous ammonia or 
with ammoniacal solutions of nitrogen compounds increases the plant-food 
value of the product through use of low-cost and concentrated forms of 
nitrogen. The quantity of free ammonia added is commonly limited in 
commercial operation to a maximum of 30 to 40 pounds of ammonia per 
1,000 pounds of superphosphate, or 0.123 to 0.164 unit of nitrogen per 
unit of P2O5. Quantities of total nitrogen several times this proportion may 
be incorporated in superphosphate by ammoniation with liquids that con- 
tain high ratios of total nitrogen to free-ammonia nitrogen. For example, 
use may be made of ammoniacal solutions that contain large proportions 
of ammonium nitrate, urea, or other highly soluble compounds which are 
rich in nitrogen. This provision of nitrogen in more than one type of chem- 
ical combination is frequently beneficial in respect to plant nutrition. 
Ammonium nitrate and urea are easier to produce and to handle as solu- 
tions than as solids. Ammonium nitrate introduced into a fertilizer in a 
dissolved state reacts more readily than solid ammonium nitrate with the 
potash salts in the mixture to form the less hygroscopic potassium nitrate 
and ammonium sulfate or chloride. 

The free ammonia content of ammoniation solutions makes them efficient 
media for the quick curing of superphosphate. Fertilizer mixtures made in 
this way, if cooled to 38®C (100°F) or lower, can often be bagged 
and shipped within a few days after preparation. The neutralization of the 
acidity, moreover, reduces the chemical attack on bags. 

Uniform distribution of the ammoniating solution throughout the fer- 
tilizer mixture tends to agglomerate the objectionable fine particles. Segre- 
gation and irregularities in composition are thus reduced and dusting and 
sifting of the mixture through the bag are minimized. 

Solutions often supply in one operation all the nitrogen required in a 
complete fertilizer and otherwise added in several nitrogen carriers. 
Mechanical handling is simplified since the solution is commonly piped 
directly from tank cars or through storage tanks to the mixing machine 
and little labor is involved. The improved physical and chemical proper- 
ties of ammoniated mixture reduce the degree of setting in storage and 
thus lower the handling costs, 
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Histoiy 

In 1873 McDougal*® patented the use of superphosphate as an absorbent 
for ammonia from illuminating gas; his process did not come into general 
use. Other patents relating to the absorption of gaseous ammonia in ordi- 
nary or concentrated superphosphate followed. 

After the development of the synthetic ammonia process, ammonia 
began to be shipped to superphosphate plants in tank cars both as the 
anhydrous liquid and as aqueous solution. Much of the anhydrous ammonia 
was converted at the fertilizer plants into aqueous solution before use in 
ammoniation^®. 

Control of the plant-food availability of the phosphate in ammoniated 
products through limitation of the addition of ammonia to 2 moles NHa 
per mole of water-soluble P 2 P 6 was covered in a patent granted to Hagens 
and co-workers^® in 1929. According to Hoss and Merz®^ the consumption 
of free ammonia in fertilizer mixtures increased from 5,000 tons in 1928 to 
40,000 tons in 1930. 

In October, 1929, a solution of ammonium nitrate in ammonia, plus 
water, was used to ammoniate approximately 100 tons of superphosphate 
in a plant test at Norfolk, Virginia. This was the first commercial ammoni- 
ation of fertilizers with ammoniacal nitrate solutions, the type of anomoni- 
ation solution now most commonly used. 

Chemistry of Ammoniation 

In Absence of Sulfates. Although most fertilizer materials that are am- 
moniated contain sulfates, it is well to consider first the simpler reactions 
that occur in the substantial absence of calcium sulfate, as in the ammoni- 
ation of triple superphosphate made with phosphoric acid produced by 
oxidation of phosphorus. The principal reaction in all ammoniation of 
superphosphate is the conversion of water-soluble monocalcium phosphate 
into citrate-soluble dicalcium phosphate plus water-soluble monoammo- 
nium phosphate: 

GaCHsPOda-HsO + NH3 GaHPOi + NH4H2PO4 H2O ( 1 ) 

Reaction (1) represents the chemical change when one mole of free 
ammonia is added per mole of water-soluble PiOs. Expressed in other 
terms, this degree of ammoniation corresponds to 2.4 pounds of free am- 
monia per unit of water-soluble P2O6 or 6.8 per cent NH3 in the product 
from pure monocalcium phosphate. The presence of free phosphoric acid 
with the monocalcium phosphate does not alter the products but merely 
increases the proportion of monoammonium phosphate. Because of the 
solubility of the reactants, reaction (1) proceeds rapidly in the presence of 
a minimum proportion of moisture. 
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If the addition of free ammonia is increased to 2 moles per mole of water- 
soluble P2O8, the monoammonium phosphate tends to be converted into 
diammonium phosphate: 

NH4H2PO4 + NHs -> (NH4)2HP04 ( 2 ) 

This reaction will occur at ordinary temperatures; it takes place at 
higher temperatures provided that sufficient pressure of ammonia is main- 
tained to prevent decomposition of the diammonium phosphate. The over- 
all effect of introducing 2 moles of free ammonia per mole of water-soluble 
P2O5 is given by the sum of reactions (1) and (2). 

Ca(H2P04)2-H20 H- 2NH3 CaHP04 -h (NH4)2HP04 + H2O (3) 

In other terms this corresponds to addition of 4.8 pounds of free ammonia 
per unit of water-soluble P2O6, or production from pure monocalcium phos- 
hosphate of a product containing 12.7 per cent NHj. This represents the 
reaction of pure monocalcium phosphate with ammonia at ordinary tem- 
peratures^^ 

At temperatures above 40°C (104‘^F) dicalcium phosphate reacts further 
with ammonia in a reversion into less soluble phosphates, represented con- 
ventionally as tricalcium phosphate. The other reaction product is diam- 
monium phosphate^^. 

3CaHP04 + 2NH3 Ca3(P04)2 + (NH4)2HP04 (4) 

Combination of reactions (3) and (4) gives the over-all reaction: 

3Ca(H2P04)2H20 -f 8NH3 Ca3(P04)2 + 4(NH4)2HP04 + SHaO (5) 

This corresponds to reaction of 2.67 moles of free ammonia per mole of 
water-soluble P2O6, 6.4 pounds of free ammonia per unit of water-soluble 
PaOfi, or to an ammonia content of 16.2 per cent in the product from mono- 
calcium phosphate. 

The course of ammoniation in the absence of free phosphoric acid and 
calcium sulfate is illustrated in Figures 2 and 3. The indicated experimental 
points represent the results of addition of varying quantities of anhydrous 
ammonia under its normal vapor pressure at room temperature^^ At 100°G 
(212°F) reactions (1), (2), and (5) take place successively and a product 
with a maximum ammonia content of 16.2 per cent may be obtained by 
slow reaction followed by cooling to ordinary temperature under ammonia 
pressure. At 25°C (77°F) the reactions are the same up to 12.7 per cent 
ammonia, which is the maximum absorption since reaction (4) does not 
occur under these conditions. Figure 4 shows what would happen theo- 
retically if monocalcium phosphate, after treatment at 100°C (212°F) with 
various proportions of ammonia under pressure, is cooled slowly out of 
contact with ammonia so that the diammonium phosphate is completely 
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Figure 3. Composition of products obtained on ammoniating monocalcium phos- 
phate at 25®C in a closed vessel, 

decomposed. The maximum ammonia content of a product obtained in. 
this way is 8.8 per cent and the proportidn of tricalcium phosphate is 
relatively high. 

Reaction (4), owing to the sparing solubility of dicalcium phosphate, 
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proceeds more slowly than reactions (1) and (2). The rate of absorption 
of ammonia by triple superphosphate is rapid at first; in ordinary commer- 
cial ammoniation about 70 per cent of the maximum quantity is al)sorbed 
within 2 minutes, but further absorption is slow”. 

Our knowledge of the products at high degrees of ammoniation is in- 
complete. The P 2 O 6 reverts into forms less soluble than dicalcium phos- 
phate but more soluble than the raw phosphate rock from which the triple 
‘superphosphate is derived. Hydrated tricalcium phosphate, hydroxyapa- 
tite, or both are probably among the products. 



Figure 4. Composition of products obtained on ammoniating monocalcium phos- 
phate at 100°C in a closed vessel with subsequent heating at 100°C in an open vessel. 

In Presence of Calcium Sulfate. The presence in ordinary superphos- 
phate of approximately 2 moles of calcium sulfate per mole of monocal- 
cium phosphate does not materially affect the chemical reactions in the 
initial stages of ammoniation. Reaction (1) proceeds rapidly, and prac- 
tically complete conversion of the monocalcium phosphate into dicalcium 
phosphate and monoammonium phosphate occurs upon addition of 24 
pounds of neutralizing ammonia per 1,000 pounds of superphosphate of 
20 per cent PaOs content. 

Absorption of the second mole of ammonia, however, does not lead 
simply to reaction (2), since diammonium phosphate reacts rapidly with 
calcium sulfate to form dicalcium phosphate and ammonium sulfate^*- 

(NH4)2HP04 + CaS 04 ‘-^ CaHP 04 + (NH4)2S^^ (6) 
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The sum of reactions (3) arid (6) gives the over-all effect of adding two 
moles of free ammonia per mole of water-soluble provided that 

occurrence of side reactions is excluded: 

Ca(H2P04)rH20 + CaSO^ 4- 2 NH 3 2CaHP04 + (NH4)2S04 4- H^O (7) 

Reaction (7) corresponds to the addition of about 48 pounds of free 
ammonia per 1,000 pounds of 20 per cent superphosphate. 

There is a possibility, however, that before reaction (6) or (7) is com- 
plete, some of the dicalcium phosphate may react simultaneously to form 
a more basic phosphate^®- such as tricalcium phosphate which is only 
partially citrate-soluble: 

2 CaHP 04 4- CaS 04 4- 2 NH 3 Ca 3 (P 04)2 4- (NH 4 ) 2 S 04 ( 8 ) 

The maximum degree of ammoniation is represented by the sunamation 
of reactions (7) and (8), which corresponds to 4 moles of free ammonia 
per mole of water-soluble P 2 O 5 , or 96 pounds of ammonia per 1,000 pounds 
of 20 per cent P 2 O 5 superphosphate: 

Ca(H2P04)2-H20 -h 2CaS04 + 4 NH 3 Ca3(P04)2 + 2(NH4)2S04 4- H 2 O (9) 

This degree of ammoniation cannot be reached under usual manufac- 
turing conditions'^ An ammonia content of 8 to 9 per cent may be attained 
by treating a superphosphate with a 25 to 30 per cent solution of ammoma 
or by passing ammonia into a superphosphate slurry and drying the 
product®^ 

A graphic representation of the principal reactions in ammoniation of a 
superphosphate of negligible free phosphoric acid content is shown in 
Figure 5. 

The course and extent of the reactions in highly ammoniated super- 
phosphate depend upon the temperature and the amount of moisture in 
the mixture. Diammonium phosphate probably is formed as an unstable 
intermediate product which in turn reacts with calcium sulfate at a rate 
that varies with the temperature and moisture content®^. The proportions 
of citrate-soluble and citrate-insoluble phosphates that result are dependent 
on the relative intimacy of contact of calcium sulfate and dicalcium phos- 
phate with the highly ammoniated solution phase®®. Momentary over- 
ammoniation can result in conditions of supersaturation of the solution 
phase with respect to dicalcium phosphate, tricalcium phosphate, and 
hydroxyapatite, simultaneously. The proportions in which these phases 
are precipitated may vary in an unpredictable manner owing to chance 
factors that influence the relative rates of crystallization. Hydroxyapatite, 
if precipitated in a temporary condition of over-alkalinity, is unlikely to 
pass back entirely into solution even though further agitation may equalize 
the pH of the solution phase at a relatively low value. Double sulfates such 
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as syngenite, CaS04 * (NH4)2S04*H20, formed under some conditions, may 
account for the presence of water-insoluble nitrogen. Combinations of sul- 
fate and phosphate such as ardealite, CaS04 • CaHP04 * 4H2O, are possible^^ 
The variation in composition of the products obtained by different de- 
grees of ammoniation of triple superphosphate that contained 3.2 per cent 
of calcium sulfate on a dry basis is shown in Figure The material con- 
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Figube 5. Change in composition of a superphosphate with increasing ammonia- 
tion- 

tained initially 5.2 per cent free H3PO4 and 1.79 per cent SO3. It was ad- 
justed to a moisture content of 5 per cent and then ammoniated under 
pressure at 100®C (212°F). The products were allowed to stand for one 
month before being analyzed. It was assumed that the calcium sulfate did 
not react until all of the monocalcium phosphate had been converted into 
dicalcium phosphate, and that further addition of ammonia was accom- 
panied by reaction of the calcium sulfate and formation of tricalcium 
phosphate and ammonium sulfate^’®^ until the supply of calcium sulfate 
was exhausted. Formation of a small amount of tricalcium phosphate is 
indicated when the ammonia content exceeds 6.1 per cent, but major 
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formation of tricalcium phosphate does not begin until the ammonia con- 
tent approaches 12 per cent. 

triple superphosphate is treated with ammonia in an open or 
partially closed vessel, little or no tricalcium phosphate is formed except 
for that which results from the calcium sulfate that may be present. There 
is negligible conversion of dicalcium phosphate into tricalcium phosphate 
according to reaction (4) at the partial pressures of ammonia existing in 
the reaction mass under these conditions. 

Degree of Ammoniation. From the chemical reactions that occur in 
ammoniation it is clear that addition of excessive amounts of free ammonia 
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Figure 6. Composition of products obtained on ammoniating triple superphos- 
phate at 100°C in a closed vessel. 

to a superphosphate causes reversion into insoluble forms. It has frequently 
been observed in the fertilizer industry, however, that different superphos- 
phates react differently^^. The graphs in Figure 7 are illustrative of the 
published information relative to the trends toward decreased solubility 
with increasing degrees of ammoniation®^ These graphs were based on 
experiments in ammoniating superphosphates that contained 7 to 8 per 
cent moisture, 18.7 per cent total P 2 O 5 , and 3 to 4 per cent free acid with 
anhydrous ammonia in a small drum mixer. The citrate-solubilities were 
determined by 60 minutes’ extraction of 1 -gram samples, as prescribed in 
the present official method of the Association of Official Agricultural 
Chemists. Other experiments in the same series showed that it is feasible 
to add considerably more ammonia in proportion to the superphosphate 
in fertilizer mixtures in which the P 2 O 6 concentration is lowered by dilu- 
tion of the superphosphate with other fertilizer materials. In practice, 



AMMONIUM PHOSPHATES 


329 


there has been a trend recently to increase the degree of ammoniation 
beyond what was formerly regarded as the upper limit. 

Heat of Ammoniation. In most fertilizer mixtures, increase in temperature 
accelerates reactions that cause reversion of soluble phosphates, decom- 
position of urea^^ and other easily decomposable materials, and loss of 
ammonia. The evolution of heat in ammoniation of representative types 
of superphosphate and triple superphosphate with varying quantities of 
liquid ammonia^® is shown in Figure 8. The experimental determinations 



(Neutralizing NHs in Superphosphate, %). 

Figure 7. Trend in citrate solubility with increasing degree of ammoniation. 

of the heats of ammoniation agree closely with values calculated from the 
heats of formation of the reactants and products. 

From a knowledge of the heat developed by ammoniation and the heat 
capacities of the resultant products one may calculate the maximum tem- 
perature rise of any ammoniated product. Values of the heat capacity of 
fertilizer materials are given in Table 7. The use of these data in calculating 
the temperatures developed in ammoniation of superphosphate, triple 
superphosphate and mixtures as a function of the moisture content was 
illustrated in the original publication^®. For example, when a superphos- 
phate containing 5 per cent moisture is ammoniated with anhydrous 
ammonia at the rate of 28.5 pounds of ammonia for 1,000 pounds of super- 
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phosphate, the heat evolved is sufficient to raise the temperature of the 
mixture from 25'’C (77°F) to lOO^C (212°F) and to vaporize about 9 per 



Figuee 8 . Heat developed on treating superphosphates with varying quantities 
of liquid ammonia. 


Table 7. Heat Capacities op Supebphosphate, Tbiple Supebphosphate and 
Their Products of Ammoniation with Anhydrous Ammonia 


Material j 

NHa Added per 100 grams 
of Superphosphate 

Heat Capacity at 27.6"C 
g.cal./(g.)(deg. C.)* 

Florida pebble superphosphate 

, — 

0.207 

Ammoniated Florida pebble super- 

1 


phosphate. — 

2 

0.234 

Ammoniated Florida pebble super- 



phosphate 

1 3 

0.235 

Ammoniated Florida pebble super- 



phosphate 

4 

0.248 

Florida pebble triple superphosphate . . 

— 

0.246 

Ammoniated Florida pebble triple su- 



perphosphate 

4 

0.281 

Ammoniated Florida pebble triple su- 



perphosphate 

1 6 

0.270 

Ammoniated Florida pebble triple su- 



perphosphate ......... 

8 

0.303 

Single -strength mixture (4r“9-5) . 


0:229 

Double -strength mixture (8-18-10) .... 


0.269 


* Although the materials contained moisture, the results were calculated on the 
basis that the materials were moisture-free before ammoniation and that any water 
of hydration released in the ammoniation was retained. 


cent of the moisture present. Similarly if a 4-9-“5 mixture of the heat 
capacity indicated in Table 7 is prepared by ammoniation with anhydrous 
ammonia at the rate 27 pounds of ammonia per ton of mixture containing 
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5 per cent moisture, the temperature may be calculated to rise from 25°C 
(77®F) to 68°C (154°F). With commercial ammoniation solutions the tem- 
perature rise is less. The temperature rise in commercial mixtures ammoni- 
ated with a solution containing 60 per cent ammonium nitrate, 20 per cent 
ammonia, and 20 per cent water has been found to be about 0.94°C (l.7°F) 
per pound of neutralizing ammonia per ton of mixture®. A solution that 
contained 32.5 per cent urea, 28.9 per cent ammonia, 18.1 per cent am- 
monium carbamate, and 20.5 per cent water gave temperature increases 
of 18 to 14°C (33 to 25®F) per unit of added nitrogen, or 1.1 to 0.85°C (2.0 
to 1.5°F) per pound of neutralizing ammonia per ton of mixture, as the 
proportion of solution was varied from 36 to 72 pounds or more per ton 
of 7-6--5 mixture^^ 

Citrate Solubility 

Effect of Storage. Reversion of P2O5 to citrate-insoluble form increases 
with increase in storage temperature and with duration of storage at ele- 
vated temperatures as shown in Tables 8 and 9. Small batches (2 kg) of 
commercial superphosphates from different sources were ammoniated with 
a solution containing 60 per cent ammonium nitrate, 20 per cent ammonia, 
and 20 per cent water at the rate of 30 pounds of free ammonia per 1,000 
pounds of superphosphate^^ Portions of the products were stored in stop- 
pered bottles at various temperatures. Determinations of citrate-insoluble 
P2O5 were made at intervals by 4he Official Method of the Association of 
Official Agricultural Chemists, and also by a procedure identical in all 
respects except that the quantity of sample for analysis was reduced from 
1 to 0.5 gram. The average percentages of the total P2O5 that reverted as 
determined by the official method in all the ammoniated superphosphates 
after 27 to 42 days’ storage was 2.5 per cent at room temperature, 5.8 per 
cent at 40°C (104°F), 6.8 per cent at 50°C (122®F) and 10.3 per cent at 
80°G (176°F). 

The reversion in an ammoniated mixture, as shown in Figure 9, was 
roughly one-half that which occurs in ammoniated superphosphates^V^'l^ 
comparable temperatures. The mixtures contained no dolomite or other 
neutralizing agents to compensate for the physiological acidity of the nitro- 
gen carriers. It will be noted that at ordinary temperature (27‘^G) rever- 
sion was negligible throughout the 60 days of storage. At elevated tem- 
peratures significant reversion occurred even during the initial part of the 
storage period and continued throughout the test period. 

Effect of Fluorine. Fluorine is generally present in superphosphates. 
Some investigators^^ have thought that reversion is due principally to the 
formation of fluorapatite, 3(Ga3(P04)2. GaF2 is an exceedingly insoluble 
compound. Fluorine in this combination would render insoluble eleven 
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times its weight of P2O5. Some correlation might indeed be indicated in 
Table 9 between the fluorine content and the P 2 O 6 solubility after one 
month^s storage at room temperature, if superphosphates 4 and 7 are 
eliminated. No correlation is apparent, however, in the ammoniated super- 
phosphates that were subjected to longer storage and higher temperatures. 


Table 8. Chemical Properties of Various Commercial Superphosphates 
Before and After Am;moniation 


Plant Location 

■ Va. ■ 

N. J. 

Md, 

N. Y. 

La. 

N. C. 

Tenn. 

N. J. 

Superphosphate No. 

1 

2 

3 

4 

5 

6 

7' 1 

8 


Analysis of Original Superphosphate 


% Moisture 

4.5 

7.7 

5.9 

7.6 

8.3 

4.5 

6.5 

7.2 

% Free H 3 PO 4 . .......... . 

1.2 

3.5 

3.9 

3.0 

1.0 

2.6 

2.8 J 

2.9 

% Total PjOs 

19.8 

18.2 

20.6 

21.1 

19.1 

21.5 

19.8 

21.2 

%a I. PsQs.. ........... 

0.39 

0.20 

0.28 

0.45 

0.48 

0.13 

0.48 

0.41 

% Available P 2 O 5 — ..... 

19.4 

18.0 

20.3 

20.6 

18.6 

21.4 

19.3 

20.8 

% of Total P 2 GS available 

98.0 

98.9 

98.6 

97.9 

97.5 

99.4 

97.6 

98.1 

% Fluorine. . . . ^ . .1 

1.57 

1.68 

1.92 

1.80 

1.70 

2.15 

1.67 

2.07 

%FePO 4 ... 

1.10 

1.14 

1,16 

1.81 

0.80 

0.91 

2-. 10 

1.06 

% AlPO 4 . ................ 

2.77 

1.55 

1.99 

2.36 

1.98 

1.43 

4.33 

1.57 

%CaO 

28.30 

30.50 

30.35 

30.10 

29.28 

31.13 

28.25 

30.45 

%S03 ............... 

27.75 

30,55 

28.78 

28.48 

29.20 

29.18 

30.55 

29.35 

Mol ratio SO 3.' CaO . ..... . 

0.685 

0.701 

0.664 

0.665 

0.698 

0.655 

0.759 

0.674 


Analysis of Superphosphate Ammoniated with Nitrogen Solution 2 at Ratio of 30 
lb. Free NH 3/1000 lb. Superphosphate as Prepared 


% Total N 

5. 60* 

4.56 

4,59 

4.57 

5.26* 

4.58 

4.70 

4,59 

Wt . ratio f ree NH 3 ^ Total 









P 2 O 5 









Nominal. 

0.152 

0.165 

0.146 

0.142 

0.158 

0.139 

0.152 

0. 141 

Found. ... . , 

0.216* 

0.159 

0.139 

0.132 

0.183* 

0.128i 

0.148 

0.137 

% Total P 2 O 5 .... ........ 

17.3 

16.4 

18.5 ; 

18.5 

17.1 

19.2 

17.1 

19.2 

%C. I. PA. .. ......... 

0.36 

0.27 

0.40 

0.79 

0.32 

0.24 

0.51 

0.61 

% of total P 2 OS reverted . , 

0.1 

I 0,6 

i 

0.8 

2.2 

>-0.6 

0.7 

0.6 

1.7 


* Original superphosphate contained some ammoniacal nitrogen. 


Under severe storage conditions (80®C, 176®FJ the three phosphates having 
the highest fluorine contents showed substantially lower reversion than 
the average of the group. 

The citrate solubility of fluorapatite, unlike hydroxyapatite and trical 
cium phosphate, shows little variation with changes in the citrate solvent’’ 
or with change in the proportion of sample weight to volume of citrate 
solutions used for the extractions^* S 9 , 6 o^ ^ 1^0 marked differences in results 
in Table 9 between the 0.5-gram and the 1-gram samples suggest that 
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for 112 Days 

0.5 Gram 
Method 

5.8 

9.3 

7.3 

8.3 
11.1 

7.3 

5.3 
5.6 

1 Gram 
Method 

12.6 

20.3 

14.7 
26.1 

21.8 
11.0 

13.7 

11.7 

for 27 Days 

1 Gram 
Method 

7.7 

12.0 

9.1 

16.8 

12.0 

7.0 

9.1 

8.9 

2 

< 

for 121 Days 

0.5 Gram 
Method 

2.6 

7.0 

3.8 
1.5 
6-5 
3.3 

4.0 

5.8 

1 Gram 
Method 

7.6 
10.1 

9.6 
9.6 
9.9 

6.5 

8.6 
9.8 

for 37 days 

1 

e 

Method 

1.5 
5.2 
2.0 
0.4 

4.6 
2.8 
3.1 
3.8 

1 Gram 
Method 

5.2 
8.1 
6.6 
5.6 

8.1 

4.9 

7.2 
8.4 

U 

•< , 

for 124 Days 

0.5 Gram 
Method 

r~f to CO o CO CO 

1 Gram 
Method 

6.6 

9.2 

9.3 
8.8 
9.9 
5 . 9 ‘ 
8.7 
8.7 

for 42 Days 

C 

c 

51 

IS 

0.8 

3.3 
0.9 
0.6 

4.5 

2.3 

2.5 
3.1 

C 

Method 

4.1 

6.9 

5.4 

4.2 

7.5 

4.9 

5.9 
7.4 

t 

At Jioom 

Temperature for 
36 Days 1 Gram 
Method 

rH UO llO rH CO rH rH lO 
r-i CO r-i rH CO C<i CO 

Fluorine 

1.57 

1.67 

1.68 
1.70 
1.80 
1.92 
2.07 
2.15 

m 

mJ 

A 

r-H CN lO CO 00 CO 
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iSuorapatite formation was not a major factor in this reversion. Mixtures 
of pure chemicals simulating a 4-12-4 grade of fertilizer without dolomite 
developed no significant amounts of citrate-insoluble P2O5 even after am- 
moniation in the presence of fluorides at the rate of 50 pounds of ammonia 
per 1,000 pounds of superphosphate and storage in a moist condition for 
two weeks at 75"C(167T)^^ 

Vegetative tests^® have indicated that additions of fluorides to an am- 
moniated mixture have little or no effect on the availability of its P 2 O 6 
content to plants. 



0 to 30 40 SO 40 

or -mrs 


Figure 9. Effect of temperature and time of storage on the reversion of P 2 O 6 in 
a 4-8-4 mixture (6% H 2 O) ammoniated with nitrogen solution II at the rate of 30 lbs 
of free NH3 per 1,000 lbs of superphosphate. 

Effect of Moisture. Moisture has a significant influence on reversion. 
Figure 10 illustrates the effect in 4-8-4 mixtures that had been ammoniated 
with a solution which contained 60 per cent ammonium nitrate, 20 per 
cent ammonia, and 20 per cent water at the rate of 30 pounds of free 
ammonia per 1,000 pounds of superphosphate. The low reversion at ordi- 
nary temperature was not materially affected, but in 30 days’ storage at 
elevated temperatures the reversion increased markedly with increasing 
moisture contents. At a low-moisture content (e.p., 2 per cent) reversion 
was small even at elevated temperatures. The degree of ammoniation may 
be increased without excessive reversion provided that the moisture con- 
tent is kept sufficiently low. Economy with respect to nitrogen may justify 
some expenditure for drying or even some sacrifice of available P 2 O 6 . 
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Effect of Neutralizing Additives. The growth in the consumption of 
physiologically neutral fertilizers has led to use of appreciable quantities 
of dolomite in ammoniated mixtures^^. Calcic materials, such as high-cal- 
cium limestone, oyster shells, and marl, should not be used in ammoniated 
superphosphates because even at ordinary temperatures they cause rever- 
sion of available phosphate. Ground dolomite, (CaCOs-MgCOs), however, 
may be used if excessive temperatures (above 45°C, or 113°F) are avoided. 

Dolomite does induce change of the water-soluble P 2 O 6 present as mono- 

4>«>4 MMTURCS- STOMCO 30 DAYS 


WmoUT OOUCttiTC. 
AGIO* PORMtNQ 

-——WITH DOLOMITE , 

(SO-es MCAHUmrslOLOttOAULT 
NEUTRAL 


0 t 4 • • iO It 

% MOItTURC 

Figure 10. Effect of moisture and temperature on the reversion of P 2 O 5 in a 
4-8-4 mixture ammoniated with nitrogen solution II at the rate of 30 lbs of free NH 3 
per 1000 lbs of superphosphate. 

ammonium phosphate into dicalcium phosphate and magnesium ammonium 
phosphate, both of which are citrate-soluble^*^. 

3 NH 4 H 2 PO 4 + CaCOsMgGOa CaHP 04 + MgNH 4 P 04 + (NH 4 ) 2 HP 04 

(9) 

-f- 2 CO 2 + 2 H 2 O 

There is no loss in the availability of the P 2 O 6 on standing at normal tem- 
perature. At elevated temperatures the diammonium phosphate which is 
formed in reaction (9) will decompose at significant rates, liberating am- 
monia, which in turn reacts in ammoniated superphosphate mixtures with 
the calcium sulfate and dicalcium phosphate to form ammonium sulfate 
and reverted phosphate: 

(NH4)2HP04 -^ NHa + NH4H2PO4 
2NH3 -f 2CaHP04 + CaS04 (^4)2804 + Ca3(P04)2 



( 10 ) 

( 11 ) 
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The over-all change in prolonged storage at elevated temperatures can 
be represented by the equation: 

4 NH 4 H 2 PO 4 + 2CaC03-MgC03 + CaS04 (NH4)2S04 + 2MgNH4P04 (12) 

4 - Ca3(P04)2 + 4 CO 2 + 4 H 2 O 

Storage of ammoniated superphosphate mixtures containing dolomite at 
temperatures over 45°C ( 1 13‘"F) f or more than a few weeks leads to formation 
of considerable citrate-insoluble phosphate. Figure 10®^ gives reversion 
data for a 4-~8'-4 mixture without dolomite (acid-forming) and also for a 
comparable mixture made physiologically neutral with dolomite. In the 
normal range of moisture content, 4 to 10 per cent, the mixtures that con- 
tained dolomite suffered substantially higher reversions in 30 days' storage 
at elevated temperatures. 

The formation of magnesium ammonium phosphate fixes a portion of 
the nitrogen in a slowly soluble form. Since ammonium sulfate and not 
diammonium phosphate results from reaction (12), no nitrogen is lost, even 
in 90 days' storage at 60*^0 (140°F)^. 

Greenhouse tests of mixtures which were ammoniated at the rate of 20 
pounds of anhydrous ammonia per 1,000 pounds of superphosphate con- 
tent and which were stored at ordinary temperatures with or without 
dolomite showed as good availability as the corresponding non-ammoniated 
mixtures^^. The availability to plants of P2O5 in ammoniated mixtures con- 
taining dolomite became less 'if the proportion of ammonia exceeded 3 per 
cent of the superphosphate and if the storage temperature was above 
normal. Long-season crops gave favorable response to applications of mix- 
tures containing dolomite, that had been treated with as much as 50 
pounds of ammonia per 1,000 pounds of superphosphate, provided that 
the mixture had been stored at room temperature. 

Physical Effects 

The improvement in physical condition of superphosphate upon ammoni- 
ation may be attributed to evaporation of moisture, as a result of heating 
dpe to the chemical reactions, to the neutralization of the free acid, and to 
changes in the extent of hydration. Commercial superphosphates consist 
chiefly of monocalcium phosphate monohydrate, calcium sulfate predomi- 
nantly in the form of anhydrite^®, and a somewhat syrupy solution of mono- 
calcium phosphate in 30 to 60 per cent phosphoric acid. The water of 
crystallization in superphosphates appears not to change much upon am- 
moniation with anhydrous ammonia; there is tendency for an increase, 
but the differences are so small that x-ray methods failed to reveal them. 
If ammonia liquors are used the water of crystallization increases, especially 
upon aging. Changes in the amount of water of crystallization in ammonia- 
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tion come mainly from the decomposition of the hydrated monocaicium 
phosphate and the hydration of the calcium sulfate. The change in com- 
position of the solution phase with ammoniation apparently is conducive 
to formation of CaS04-|H20 or CaS04 -21120. 

Ammoniation Solutions 

The compositions and physical properties of the principal solutions used 
in the ammoniation of fertilizers are given in Table 10. Included for the 
purpose of comparison are anhydrous ammonia^^ and ammonia liquor^®; 
solutions containing urea^^- or ammonium nitrate^®* are used almost 
exclusively in current ammoniation practice. 

Among the important factors in the selection of compositions for am- 
moniation solutions are the total nitrogen content, ratio of neutralizing 
nitrogen to total nitrogen, density, vapor pressure, salting-out temperature, 
physical properties of ammoniated products and relative costs of produc- 
tion. High total nitrogen content is advantageous in respect to storage 
and transportation costs. The amount of nitrogen that may be added 
commercially to superphosphate in the form of anhydrous ammonia or 
ammonia liquor is limited, since excessive additions cause reversion of the 
phosphates to insoluble forms. Hence low ratios of neutralizing ammonia 
to total nitrogen are generally desirable. Per unit of nitrogen present as 
neutralizing ammonia, Nitrogen Solution 4 and IJrea Ammonia Liquor B 
supply respectively about 2.7 and 2.3 times as much total nitrogen as is 
supplied by ammonia liquor or anhydrous ammonia. 

It is of practical importance that solutions containing high proportions 
of ammonium nitrate or urea are of relatively high density, that such a 
unit volume of solution contains almost as much nitrogen as an equal 
volume of anhydrous ammonia. For example, at 60°F the weights of prod- 
uct and of nitrogen contained in 10,000 gallons of the principal ammoni- 
ation liquids are: 


Liquid 

Tons Product per 10,000 gal at 
60°F 

Tons Nitrogen in 10,000 gal at 
60T 

Anhydrous ammonia ! 

25.7 

21.16 

Ammonia liquor, 30% NH 3 . , . . J 

37.3 

9.07 

Nitrogen Solution 2A. 

47.6 

1 19.32 

Nitrogen Solution 3 

45.0 

18.36 

Nitrogen Solution 4 

49.3 

18.25 

Urea Ammonia Liquor A ...... . 

41.0 

18.67 

Urea Ammonia Liquor B . . 

43.6 

19.71 


The solutions should have low salting-out temperatures, otherwise pre- 
cipitation of solids may cause troublesome plugging of valves and fittings 


Table 10. Composition and Pbopehties op Ammoniatinq Agents 
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Equiv. 
Acidity, lb 
CaCOj 
Equiv. per 

100 lb 
Product 

148 

44.6 

73.2 

73.5 

66.6 
81.8 

68.3 
82 

68.4 
67 

Unit 

N 

cocoocococD coco coco 

cocococococo coco coco 

Approx. 
Temp, at 
which Salt 
Begins to 
Crystallize 
(0“F) 

23 

-13 

48 

5 

0 

30 

30-35 

Approx. 

Vapor 
Pres, psi 
Gauge at 
I04'’F 

rHrHOCOT-HCO 

r-fr-SrHr-t CO CMC5 

c<> 


0.618 

0.895 

1.142 

1.079 

1.182 

0.985 

0.987 

1.046 

1.038 

1.05 

.2 

82.2 

24.6 
29.24 
31.18 
25.35 
30.4* 

25.3* 

25.2* 

21.0* 

20.6 

In-, 

organic 

N(%) 

82.2 

24.6 

40.6 
40.8 

37.0 
30.4 

26.3 

25.2 

21.0 

20.6 

Urea 

N 

(%) 

O O O O O *-H CD rH 00 i-< 

d d d d d d d g d d 

Nitrate 

N(%) 

0.0 

0.0 

11.36 

9.62 

11.65 

0.0 

0.0 

0.0 

0.0 

Total 
N (%) 

82.2 

24.6 

40.6 

40.8 

37.0 
45.5 

37.9 
45.3 

37.7 

37.1 

gg 

0.0 

70.0 
13.3 

18.5 

16.6 
20.5 

33.7 

17.0 

30.7 

Ammo- 

nium 

Car- 

bamate 

0.0 

0.0 

0.0 

0.0 

0.0 

18.1 

15.1 

16.4 

13.7 

ag 

C»01>OcD05 1— iiO CD 

|g 

O O O O O »0 T-( r-j OS 

o d d d d d d d d 

CD cq CO 

is 

tz; 

0.0 

0.0 

65.0 

55.5 

66.8 

0.0 

0.0 

0.0 

0.0 

0.0 


Anhydrous ammonia 

Ammonia liquor, 

Nitrogen sol. 2A. ! 

Nitrogen sol. 3.' 

Nitrogen sol. 4. 

Urea ammonia liquor A 

Urea ammonia liquor A diluted 
with 20 parts water per 100 

parts liquor. 

Urea ammonia liquor B 

Urea ammonia liquor S diluted 
with ^ parts water per 100 

parts liquor. 

Urea ammonia liquor 37t 


* Includes NHa from ammonium carbamate. 

t After ammoniation insoluble organic nitrogen compounds are formed which contain nitrogen equivalent to 7.4 per cent of the 
weight of the original liquor. 
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in cold weather, owing to crystallization in the supply lines. Relatively 
low ammonia and high sdlids contents are advantageous in warm weather 
because of the lower vapor pressures and smaller heats of ammoniation. 
For the ammoniation of fertilizer mixtures containing high proportions of 
alkaline materials like tobacco stems, a high solids content, as in Nitrogen 
Solution 4, is beneficial. Solutions rich in ammonia are preferred in very 
humid localities since goods ammoniated with solutions of high ammonium 
nitrate or urea content may cause difl&culties due to hygroscopicity. Solu- 
tions of low-water contents naturally give drier products. The presence of 
small amounts of moisture in the superphosphate mixture is advantageous 
in respect to ease of absorption of ammonia in the mixture. Curing reac- 
tions also are facilitated. Drying of the ammoniated goods prior to storage 
may be desirable. 

Important economies can be effected in the manufacture of ammoniation 
solutions since the expense of preparing solid ammonium nitrate or urea 
is obviated'. Nitrogen solution 2A, for example, can be prepared by blend- 
ing anhydrous ammonia with an 83 per cent aqueous ammonium nitrate 
solution obtained by neutralization of nitric acid with ammonia followed 
by partial evaporation through utilization of the heat of neutralization. 
This eliminates necessity for the costly process of evaporation beyond 83 
per cent NH4NO3, and the expense of drying, packaging and handling the 
solid ammonium nitrate. 

Urea-ammonia liquor may be marketed for ammoniation in substantially 
the form in which it comes from the synthesis autoclaves^ This eliminates 
the expense of distilling off the excess ammonia and carbon dioxide and 
of evaporating the resultant aqueous solution of urea to dryness®®. 

Equipment For Ammoniation 

The ammoniation of superphosphate, triple superphosphate, or mixtures 
is accomplished simply by spraying a measured weight or volume 
of ammoniation solution, such as are listed in Table 10, into a weighed 
quantity of the solid materials. A diagrammatic sketch of the equipment 
is shown in Figure 11®. Chrome-iron or aluminum tanks and fittings give 
better life than ordinary steel parts in handling solutions containing am- 
monium nit rat e^^. Corrosion inhibitors are commonly used in the solutions®. 

To avoid salting-out in cold weather, the feed lines from the tank car 
to the measuring tank and the air line from the compressor to the tank 
may be insulated. Provisions should be made for ready cleansing of the 
lines. Instead of forcing the liquid to and from the storage tank with com- 
pressed air as indicated in Figure 11, centrifugal pumps have been used. 
Pumps sometimes give trouble due to vapor lock. If the packing glands of 
the pump are not tight, the leakage may be accompanied by evaporation 
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which causes the system to freeze up. The arrangement of valves, as shown 
in Figure 11, permits the discharge of the measuring tank by pressure 
and vent, dead-head pressure, or even by gravity. 

The type of mixing equipment generally used for ammoniation is the 
1- or 2-ton rotary batch equipped with a distributor pipe near 

the axis of the mixer. In this machine the dry materials are lifted com- 
paratively slowly by flights to the top of the rotary travel and then shower 
down to the bottom of the mixer to repeat the cycle. The 1-ton size affords 
50 to 60 cubic feet of mixing space. Ammoniation solution to give 30 pounds 
of free ammonia per 1,000 pounds of run-of-pile superphosphate can be 
added in about 30 seconds^^* if the mixer is in good repair, the closure 



fairly tight, and the solution well distributed. At 30 batches per hour this 
corresponds to absorption of 900 pounds of free ammonia by superphos- 
phate in a mixing space of about 55 cubic feet, or an absorption rate of 
16.4 pounds of NHs per cubic foot per hour. A coating of superphosphate 
builds up on the walls of the mixer and protects it from corrosion. 

A pug-mill type ammoniator has been developed for continuous opera- 
tion. The machine consists of a rugged steel tube having a central shaft 
on which are mounted strong steel blades set at a pitch to move the ma- 
terial forward in a violent state of agitation. The solution is sprayed through 
nozzles set in a recess along the top of the tube. In equipment of this type, 
having 13 cubic feet of mixing space, mixtures have been ammoniated at 
rates of 30 tons per hour at 28.6 pounds of ammonia per 1,000 pounds of 
superphosphate. This corresponds to absorption of 66 poundi^ of NHg per 
hour per cubic foot of mixing space. 
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Other types of equipment that- may be applicable to continuous am- 
moniation are closed screw conveyors of rugged construction, and ribbon 
mixers. The uniform flow of materials that is required for the smooth 
operation of these continuous mixers has not always been realized. 

Mixtures that are to be pelleted and subsequently dried require initial 
moisture contents up to 15 per cent. A pan mixer provided with means for 
introducing the solution below the surface of the mixture gives good ab- 
sorption in these moist mixtures even when the degree of ammoniation is 
45 to 65 pounds NH3 per 1,000 pounds of superphosphate. The exposure 
of the mix facilitates evaporation of moisture. For uniform treatment in 
the drier, however, a continuous type of mixer is preferable. 

Gravity-type mixers are also used for ammoniation. Further agitation 
can be provided by use of screw conveyors in handling the product dis- 
charged from the mixer. 

Thorough dispersion of the ammoniation solution in the superphosphate 
is essential for good cure and to prevent undue reversion^^ Although the 
volatilization of ammonia and moisture facilitates the distribution of the 
active reactants, and although reaction with the free phosphoric acid and 
monocalcium phosphate is very rapid, the reversion reactions are sufficiently 
rapid at high temperatures in the ammoniator to develop considerable 
insoluble phosphate within 2 minutes, in over-ammoniated portions of the 
charge. Prolonging the agitation does not remedy the damage to the over- 
ammoniated portions of the charge which have reverted to insoluble forms. 
The undesirable results of imperfect distribution persist as low availability 
in the over-ammoniated material and as poor physical characteristics in 
the under-ammoniated material. 

Cooling. Ammoniated fertilizers as discharged from the mixer feel warm 
and somewhat moist; upon cooling, they become dry, friable, and under 
some conditions have desirable granular characteristics. If cooled to 38®C 
(100°F) or lower they can often be bagged and shipped within a few days. 
Material at temperatures above 45°C (113'^F) should be cooled to avoid 
risk of reversion of the phosphates into insoluble forms in prolonged storage. 
At high degrees of ammoniation, temperatures at the mixer exit may range 
up to 102°C (216®F) though the usual range is from 54° to 66°C (130° to 
150°F). 

To cool ammoniated fertilizers before storage, overhead cranes may be 
used to move the warm fertilizer from one bin to another, the material 
being dropped from the maximum height to provide aeration. Some coohng 
takes place on belt conveyors. Rasping by dropping the product into a 
fan or cage-type disintegrator aerates the material as it is thrown through 
the air to the storage pile. The cooling effected in these ways is usually 
5 to 6°C (8 to 10°F) at most, owing to inefficient contact with air, the small 
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volume of air, and the short time of exposure. Blowing air through an 
elevator used for conveying the product from the mixer to the storage pile 
gave in one test a temperature drop of 3.3°C (6°F)^®. Cascading over flights 
supported by an open framework has also been done; in dropping 18 feet 
in 5 seconds fertilizer 61°C (110°F) above the ambient temperature cooled 
only (12°F)^®. Although adequate cooling could be achieved in a 

pneumatic conveyor, the system has drawbacks in the handling of fer- 
tilizers. 

A rotary cooler is an effective device for cooling ammoniated fertilizers^^ 
The intimate contact of the fertilizer particles with the air and the tem- 
perature-moisture relationships in countercurrent cooling are such that 
50 per cent of the heat can be removed by vaporization of moisture from 
the fertilizer. The relative temperature of the air is usually not so critical 
as its relative humidity. Normally between 4 and 7 cubic feet of air are 
required per pound of fertilizer. The optimum linear velocity of the air 
appears to be between 200 and 300 feet per minute. Engineering data indi- 
cate that 30 tons per hour can be cooled 22°C (40°F) in a rotary cooler 
5 feet in diameter by 20 feet in length using 6 cubic feet of air per pound 
of fertilizer and vaporizing 0.5 per cent moisture. If the air-to-fertilizer 
ratio is not maintained above 5 cubic feet per pound in cold weather, 
condensation on the walls of the air ducts and cyclone dust collector may 
cause difficulty^^ 

Economics 

Anhydrous ammonia is now the lowest cost commercial form of fixed 
nitrogen. As pointed out in previous sections of this chapter, the quantity 
of uncombined ammonia that may be added to superphosphate commer- 
cially is limited by the possibility of excessive reversion of phosphate into 
insoluble forms when too much ammonia is added. It is usually not prac- 
ticable to add to superphosphate more than 3 or 4 pounds of neutralizing 
ammonia per unit of water-soluble P 2 O 6 , corresponding to 2.5 to 3.3 per 
cent nitrogen in a 20 per cent superphosphate, although under certain 
favorable conditions greater amounts are sometimes employed. 

By use of ammoniation solutions which contain highly soluble nitrogen- 
ous substances in addition to ammonia and water, it is practical to increase 
the proportion of nitrogen that is introduced in the ammoniation of super- 
phosphate up to about 0.5 unit of nitrogen per unit of water-soluble P 2 O 6 . 
Ammonium nitrate and urea in solutions cost less to produce than the 
corresponding solids, because the necessity for expensive evaporation opera- 
tions is eliminated. Many economies result from the use of solutions for 
ammoniation due to the higher nitrogen content of these carriers and the 
more rapid curing and easier handling of the resulting ammoniated prod- 
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nets. The handling of nitrogen in liquid form reduces labor requirements. 
Use of ammoniation solutions of low vapor pressure instead of liquid anhy- 
drous ammonia reduces cost of storage and handling facilities. 
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18 . Other Wafer-Soluble Phosphafic 

Fertilizers 

Wm. H. Waggaman 

Senior Mineral Technologist, Bureau of Mines, U. S. Dept, of Interior 

In addition to the water-soluble phosphatic fertilizers described in 
Chapters 15, 16 and 17, a number of products have been proposed, patented 
or developed on a commercial scale, involving the use of acids other than 
sulfuric and phosphoric. Moreover, several special types of fertilizers con- 
taining two or more of the basic plant-food ingredients (N, P 2 O 5 and K 2 O) 
have appeared on the market and are sold under trade names. Most of 
these latter products are intimate mixtures of compounds, but are so 
processed that each particle is virtually uniform in composition and hence 
danger of segregation of the various constituents is largely eliminated. 

Treatment op Phosphate Rock with other Acids 
Hydrochloric Acid 

The decomposition of phosphate rock with hydrochloric acid has been 
suggested by Liebig^^ Horsford^^ Koefoed^®, Newberry and Barrett^^, 
Glaser^^, Pike^^, Seyfried^^ Fox and Whittaker®* and Fox and Clarke 
It appears, however, that the manufacture of water-soluble phosphates 
suitable for fertilizer use by the direct treatment of phosphate rock with 
hydrochloric alone is commercially impracticable. 

Although phosphate rock is readily decomposed by this acid, the product 
consists of a mixture of calcium chloride and either monocalcium phosphate 
or phosphoric acid (depending on the quantity of HCl used), together with 
dissolved fluorine compounds and other impurities. Disregarding the other 
rock components, these main reactions may be represented as follows: 

Ca3(P04)2 + 4HC1 CaH4(P04)2 + 2CaCl2 ( 1 ) 

Ca 3 (P 04)2 + 6 HC 1 2 H 3 PO 4 + SCaCh ( 2 ) 

If the solution obtained according to equation (1) is evaporated, the 
product is a dense sticky mass entirely unfit for fertilizer use because of 
hygroscopic properties of the calcium chloride contained therein. 

On the other hand, the separation of the calcium chloride is not possible 
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unless the acid solution is treated with lime, limestone or an alkali resulting 
in the precipitation of dicalcium phosphate as shown in equation ( 1 ). 

CaH 4 (P 04)2 + CaCh -f" CaO — ^ 2CaHPOi 4- CaCh + H 2 O (3) 

The precipitated dicalcium phosphate may then be filtered and washed 
free of soluble salts as described in Chapter 20. Whereas, the P 2 O 5 in 
dicalcium phosphate is classed as available, it is not water-soluble and must 
be acidified to convert it into the latter form. Obviously, this is not eco- 
nomical in the case of fertilizers which are sold at a relatively low price. 

Monocalcium Chlorophosphate 

With a view to using low-cost by-product hydrochloric acid as an acidu- 
lating agent and obtaining a product that contains no free calcium chlo- 
ride, Fox and Clark® proposed treating phosphate rock with a mixture of 
hydrochloric and phosphoric acid. On drying the resultant mass one-fourth 
of the hydrochloric acid is evolved for re-use and a compound known as 
monocalcium chlorophosphate is obtained which is no more hygroscopic 
than certain salts commonly used in fertilizers. The reactions involved may 
be represented as follows: 

Ca3(P04)2 + 4HCI -h H3PO4 + H2O 3CaCIH2P04-H20 4- HCI 

On heating this product to 225 to 300°C in the presence of steam it is 
converted into dicalcium phosphate with a further recovery of hydro- 
chloric acid®, as described in Chapter 19. 

Crude monocalcium chlorophosphate prepared from phosphate rock, as 
outlined above, contains approximately 34 per cent of total P 2 O 6 of which 
virtually all is water-soluble. Its concentration is about midway between 
ordinary superphosphate and triple superphosphate. So far this process has 
not been developed on a commercial scale. The specific gravity and strength 
of solutions of hydrochloric acid are given in Table 10 in the Appendix, 

Nitric Acid 

Processes for the treatment of phosphate rock with nitric acid and the 
nature and utilization of the products have been described and discussed 
by Schlutius^®, Braun^ Bretteville^ Foss^, Hignett^®®, Oehme and Her- 
muth®VQuanquin®^, Plusjie®® and Turrentine*®. 

The treatment of phosphate rock with nitric acid appears offhand to 
offer the distinct advantage of utilizing the acid properties of this reagent 
to manufacture water-soluble fertilizers containing two plant-food ingredi- 
ents (N and P2O5)- Unfortunately, the physical nature of the products 
obtained is such that they are not well adapted for fertilizer use. 

When phosphate rock and nitric acid are mixed in molecular proportions 
equivalent to those used in the manufacture of superphosphate by the 
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sulfuric acid process, the resultant product consists largely of a wet, highly 
soluble mixture of monocalcium phosphate and calcium nitrate. Disre- 
garding the other components in the phosphate rock, the main reaction 
is shown in equation (4) : 

Ca 3 (P 04)2 + 4HNO3 -> CaH 4 (P 04)2 + 2 Ca(N 03)2 ( 4 ) 

On heating this paste-like mixture to drive off the free moisture, approxi- 
mately one-fourth of the nitric acid originally added is evolved, and the 
water-solubility of the P2O5 in the dried residue is greatly reduced due to 
the formation of dicalcium phosphate according to equation (5). 

CaH4(P04)2 -f 2Ca(N03)2 2CaHP04 4 - CaCNOs)^ + 2HNO3 ( 5 ) 

In addition to the lower solubility of the P 2 O 6 in the dried product, the 
latter still contains sufficient calcium nitrate to give it objectionable hygro- 
scopic properties. 

The evolution of nitric acid on drying can be greatly reduced by am- 
moniating the mixture obtained in equation (4), but here again, the result- 
ant product contains a very limited amount of water-soluble P2O5 and such 
high proportions of calcium and ammqnium nitrates that it is very hygro- 
scopic. The reaction of the material with ammonia may be represented by 
equation (6). 

CaH4(P04)2 + 2Ca(N03)2 -f 2NH3 2CaHP04 4 - 2NH4NO3 4-Ca(N03)2 (6) 

Whereas no completely water soluble phosphate product suitable for fer- 
tilizer purposes has yet been obtained directly by mixing finely ground phos- 
phate rock with nitric acid alone, a number of processes have been proposed, 
patented or developed involving the use of this acid and the formation of 
products wherein the P 2 O 6 is present chiefly as dicalcium or citrate-soluble 
phosphate. Some of these processes are designed to separate the dicalcium 
phosphate from the soluble nitrates that are simultaneously obtained, 
while others involve subsequent treatment whereby the nature of the prod- 
ucts is changed to improve them for fertilizer use. Virtually all of these 
products contain substantial percentages of soluble salts other than phos- 
phates. 

A process and product described by Quanquin^^ is designed to overcome 
to a large extent the hygroscopic properties of the ammoniated product 
obtained according to equation (6). The process consists in adding sufficient 
potassium sulfate to the ammoniated product obtained according to equa- 
tion (6) to react with the calcium nitrate, thus forming less hygroscopic po- 
tassium nitrate and calcium sulfate according to equation (7). 

2 CaHP 04 4- 2NH4(N03)2 4- Ca(NG3)2 4- K2SO4 2 CaHP 04 4- 2NH4NG3 

■' ( 7 ) 

4 - CaSG4 4 - 2KNG3 
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Such a product, however, still contains a sufficient quantity of ammonium 
nitrate to render it hygroscopic. 

Another process similar to that proposed by Quanquin consists in mixing 
phosphate rock with nitric acid and ammonium sulfate. The reactions being 
represented thus: 

Ca 3 (P 04)2 + 4 HNO 3 + 3 (NH 4 ) 2 S 04 
3 CaS 04 + 4 NH 4 NO 3 + 2 (NH 4 )H 2 P 04 j 


The precipitated calcium sulfate may be separated by filtration leaving 
a solution consisting of ammonium nitrate and monoammonium phosphate. 
Here again, however, the solution of mixed salts must be ammoniated be- 
fore it is dried in order to prevent the evolution of nitric acid. The addition 
of ammonia converts a considerable portion of the P 2 O& into dicalcium 
phosphate. One of the advantages claimed for this process is that the am- 
monium sulfate may be obtained without the use of sulfuric acid by react- 
ing the separated calcium sulfate with ammonium carbonate as shown in 
equation (9) 

Ca SO 4 + (NH4)2C03 CaCOa + (NH 4 ) 2 S 04 (9) 

Another process covering the treatment of phosphate rock with an ex- 
cess of nitric acid is practiced in Holland®- and comprises the crystalliza- 
tion and separation of the calcium nitrate (Ca(N 03 )* 4 H 20 ) obtained in 
equation (4) and ammoniating the mother liquor (containing the monocal- 
cium phosphate) to produce a mixture of dicalcium phosphate and am- 
monium nitrate. This process involves crystallization, filtration and dry- 
ing steps which render it somewhat questionable from an economic stand- 
point- 

Some of these processes as well as those involving the use of mixtures of 
nitric acid with phosphoric and sulfuric acids, are being studied by the TVA 
with a view to working out the most practicable scheme for utilizing nitric 
acid as a reagent in the manufacture of fertilizer products. 

Hignett^®^ considers the following four processes the most promising 
from an economic standpoint. (I) involves the treatment of phosphate 
rock with a mixture of nitric and phosphoric acids; (II) uses a mixture of 
nitric and sulfuric acids; and (HI and IV) use nitric acid alone as an 
acidifying agent. In every case ammonia is added to neutralize or partially 
neutralize the acid solutions so that the bulk of the P 2 O 6 in the final prod- 
ucts is in the form of dicalcium phosphate. 

6 H3FO4 -h 7 Ca(N03)2 -b 2 CaH4(P04M V 

6 H 3 PO 4 4- 7 GafNOa)^ + 2 CaH 4 (P 04)2 + 16 NH., .... 

9 CaHP 04 4- 2 (NH 4 )HP 04 4- 14 NH 4 NO 3 / 
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( 11 ) 


3 Cas(P04)2 + 10 HNO, + 4 HiSO* -^1 

6 H 5 PO 4 + 4 CaSOi + 5 Ca(NO,)j / 

(12) 

6 H 3 PO 4 + 4 CaS 04 + 5 Ca(NO,). + 11 NH» — \ 

5 CaHPO. + (NH 4 )H 2 P 04 + 4 CaSO, + 10 NH 4 NO 3 / 

(13) 

(HI) 


CasCPO.)! + 6 HNO 3 -.1 

2 H 3 PO 4 + 3 Ca(N03)2 / 

(14) 

, 2 H 3 PO 4 + 3 Ca(NO,)i + KjS 04 + 4 NH 3 -> 1 

* 2 CaHPO. + 4 NHiNOa + 2 KNO 3 + CaSO^J 

(15) 

: (IV) 


CaaCPO.)^ + 6 HNOs 

2 HaPO. + 3 Ca(N03)2 / 

(16) 

2 HaPO, + 3 CaCNOa) 4- 4 NH 3 1 
; 2 CaHPO. + NH 4 N 03 + Ca(N08)jJ 

(17) 

; Separation of CaHPO. by filtration 

1 Ca(NO,)s + (NHiIjCOs 

1 2 NHjNOj + CaCOa J 

(18) 

1 The expansion of the synthetic ammonia industry coupled with the fact 

1 that sulfuric acid is in short supply in many parts of the world, make it 

1 appear that processes for manufacturing phosphate fertilizers through the 


medium of nitric acid will receive increasing attention. 


The specific gravity and concentration of solutions of nitric acid are given 
in Table 9 of the Appendix. 

Hydrofluoric Acid 

The treatment of phosphate rock with hydrofluoric acid presents some 
attractive possibilities. Its energetic chemical action toward silica and sili- 
cates would seem to make it ideal for enriching phosphates high in these im- 
purities. Moreover, calcium fluoride, the product resulting from its reaction 
with certain lime compounds, is an insoluble substance which can be sepa- 
rated from the soluble ingredients by decantation or filtration. 

On the other hand, hydrofluoric acid is not very effective in decomposing 
phosphates, due in part to the insoluble nature of the calcium fluoride which 
forms as a coating over the undecomposed phosphate, retarding or pre- 
venting further action by the acid. The fact also that hydrofluoric acid is 
chiefly derived from fluorspar (CaF 2 ), a relatively expensive raw material, 
and is much more valuable for other purposes, makes it appear rather un- 
likely that substantial quantities will ever be used in the production of 
fertilizer. 
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In the manufacture of superphosphate and triple superphosphate, how- 
ever, both hydrofluoric and hydrofluosilicic acids are evolved. Gaseous 
fluorine compounds, which may be collected as by-products, are also driven 
off in preparing sintered or nodulized phosphate charges for subsequent 
treatment in the electric or blast furnace, as well as in producing fused and 
defluorinated phosphate rock. 

Hechenbleikner^^ proposed to utilize these acids of fluorine to treat an- 
other batch of phosphate rock and claimed that in dilute solutions they de- 
composed the mineral phosphates very completely. He also stated that the 
presence of gelatinous hydrofluosilicic acid in the dilute solution caused the 
calcium fluoride precipitate to settle so rapidly and completely that the 
phosphoric acid could be readily separated by decantation. He suggested 
that this dilute phosphoric acid be used to reduce the concentration of 
sulfuric acid to the proper strength for the manufacture of superphosphate, 
thus enhancing the P2O6 content of the product. 

Sulfur Dioxide (Sulfurous Acid) 

Instead of being produced by the action of sulfuric acid on natural salts 
or minerals, as is the case with the other so-called mineral acids, sulfur di- 
oxide is obtained from the combustion of sulfur or pyrites and is the source 
from which sulfuric acid itself is derived. The use of sulfur dioxide and sul- 
furous acid to decompose phosphate rock has been proposed by Designolle®, 
Bergmannh Machalske^^ Meyers^h Blumenberg^, Sadtler^^ If this general 
scheme were feasible it would simplify the production of soluble or available 
phosphates since the gases from burning sulfur or pyrites could be used 
directly in treating phosphate rock instead of having to go through the 
elaborate steps required in making sulfuric acid. Blumenberg^, moreover, 
claims that SO2 does not attack the impuflties of phosphate rock and hence 
this method offers a means of handling phosphates unsuitable for treatment 
with sulfuric acid. This claim does not appear to be supported by the facts. 
Experience has been that the weak nature of sulfurous acid renders its action 
upon phosphate rock very incomplete and, therefore, sulfur dioxide or sul- 
furous acid alone is not an efficient reagent for decomposing mineral phos- 
phates. Meyers^h however, claims to overcome this objection by acting 
upon the mineral (in the presence of water) with a mixture of SO2, SO3 and 
air, and obtains such a mixture by passing the gases from burning sulfur or 
pyrites through a catalyst before they come into contact with the phosphate 
rock.' '■ 

Hughes and Gameron^^ thoroughly investigated the possibilities of de- 
composing phosphate rock with sulfur dioxide and sulfurous acid under 
various conditions of temperature and pressure. Whereas they were able to 
decompose phosphate rock with saturated aqueous solutions of sulfur di- 
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oxide at 25 to 100®C at pressures of from 3 to 10 atmospheres, the reactions 
are quite complex and accompanied by decomposition of some of the sulfur 
dioxide. These investigators concluded that no procedure in which sulfur 
dioxide was used as a reagent offered economic advantages over the stan- 
dard method of manufacturing superphosphate. 

Phosphazote 

Phosphazote is a fertilizer containing phosphoric acid and an organic 
nitrogen compound. This product was manufactured in France and Switz- 
erland prior to World War II It is prepared by first treating a suspension 
of calcium cyanamid in water with carbon dioxide, resulting in the following 
reaction: 


CaCNa + COa + H2O CaCO^ + CN2H2 (19) 

The calcium carbonate thus precipitated is filtered from the solution of 
free cyanamid and the latter treated with dilute sulfuric acid, carefully con- 
centrated under reduced pressure and mixed with phosphate rock at a tem- 
perature of 60 to 70°C to yield a superphosphate of urea. Care must be 
exercised that the temperature does not rise above 70°C, otherwise the urea 
compounds will be partly converted into ammonium sulfate. 

The dried product contains 15 per cent of P 2 O 8 and 7 per cent N. Phos- 
phazote is not a highly concentrated fertilizer and the cost of the several 
steps involved in its preparation renders the product of rather doubtful 
economic importance. 

Ukea Phosphate 

Urea phosphate (C 0 (NHs)»H 3 P 04 ) is an addition product obtained by 
dissolving urea in 60 to 85 per cent phosphoric acid with the application of 
heat if necessary. The solution is then vigorously stirred while being cooled, 
seeded with a crystal of the salt, and the urea phosphate crystallized out. 
According to Ross and Merz^®, if the concentration of the phosphoric acid 
is approximately 85 per cent H3PO4, the entire mass solidifies into a product 
containing less than 10 per cent free moisture. Urea phosphate thus pre- 
pared approaches its theoretical composition (17.85 per cent N and 44,81 
per cent P2O5) and contains a total of approximately 62.7 per cent of plant 
food. As in the case of phosphazote, however, a potash salt must be added 
to make up a complete fertilizer. 

From the standpoint of concentration, urea phosphate has much to rec- 
ommend it, but the product is hygroscopic, highly acid, and more expensive 
to manufacture than diammonium phosphate, which contains fully as much 
plant food. 
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Nitrophoska 

The term nitrophoska is applied to a series of concentrated complete 
mixtures manufactured in Germany. All the mixtures in this group contain 
diammonium phosphate, ammonium nitrate, and potassium chloride or po* 
tassium sulfate. The total plant food content of the several grades of nitro- 
phoska ranges from 50 to 60 per cent^^- 
Nitrophoska is a partially reacted mass produced by adding a highly 
concentrated hot solution of ammonium nitrate to a mixture of the di- 
ammonium phosphate and a potash salt, and thoroughly stirring the mass 
until it forms granules on cooling. A partial base exchange takes place dur- 
ing the processing with the formation of a certain amount of potassium 
nitrate and ammonium chloride or sulfate, depending on which salt of pot- 
ash is employed. Eive grades of nitrophoska and their composition are 
given in Table 1. 


Table 1. Analysis and Febtilizer Formulas of Five Different Grades op 

Nitrophoska 


Grade 

Fonns of Nitrogen 

Analysis (%) 

Fertilizer Formula (parts) 


Ammon. 

Nitrate 

N ■ 

PtOj 

KjO 

(NH4)iHP04 

NHiNOi 

KCl 

KtSOi 

I 

11.3 i 

6.2 : 

17.5 

13.0 

22.0 

24 

35 

35 


II 

9.7 1 

5.3 

15.0 

11.0 

26.5 

20 

30 

42 


III 

11.6 

5.0 

16.6 

16.5 

21.5 

31 

29 

34 


A 

13.4 

1.6 

15.0 

30.0 

15,0 

56 

9 i 

24 


C 

10.8 

4.7 

15.5 1 

15.5 

19.5 

29 1 

27 1 


36 


The purpose of incorporating the hot solution of ammonium nitrate into 
the mixture of the other two ingredients and graining or granulating the 
mass is to reduce the hygroscopic properties of the final product. As far as 
known, very little nitrophoska has been manufactured in the United States. 
Although this product is less hygroscopic than ammonium nitrate alone, it 
tends to take up water and cake in a humid atmosphere, and hence is not 
too favorably regarded as an ingredient of complete fertilizers. 

Ammophoska 

Ammophoska is a term applied to a group of concentrates developed in 
the United States^^' These concentrates differ from the nitrophoskas in 
that they contain no ammonium nitrate; the nitrogen is present in the form 
of monoammonium phosphate and the potash as potassium sulfate. All the 
constituents of this series of concentrates have low hygroscopicities and 
appear to be well suited for the manufacture of complete fertilizers which 
can be stored and distributed without deterioration. 
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Ammophoska is made by mixing various proportions of ammophos (de- 
scribed in Chapter 17) with potassium sulfate. The composition of three 
grades of ammophoska and the proportions of the several compounds con- 
tained therein are given in Table 2. 

The main disadvantage of ammophoska from an economic standpoint is 
that it involves the use of potassium sulfate, a relatively expensive potas- 
sium salt. 

Monopotassium Phosphate 

Turrentine®^ states that monopotassium phosphate may be manufactured 
by decomposing potassium chloride with phosphoric acid, thus driving off 
hydrochloric acid which is recovered as a by-product. He indicates that this 
is a relatively simple process that does not require an elevated temperature. 

In actual practice, however, such a scheme has not proved to be commer- 


Table 2. Analysis and Fertilizer Formulas op Three Grades of 
Ammophoska 


Grade 

Analysis Formula (%) 

Ingredients (parts) 


N 

P20» 

KjO 

NH4HSP04 

(NH4)*S04 

K*S04 

I 

12 

24 

12 

39 

34 

22 

11 

10 

20 

15 

32 

29 

28 

III 

10 

30 

10 

49 

19 

18 


cially feasible unless an excess of phosphoric acid is employed and the mass 
heated to approximately 250®C. The product thus obtained is highly acid 
and in order to convert it into monopotassium phosphate, either potassium 
carbonate or hydroxide must be added to react with the free phosphoric 
acid. Since these latter potash compounds are relatively expensive, their use 
in the manufacture of fertilizers is not usually warranted. 

Pike’ suggests a somewhat different approach in the production of mono- 
potassium phosphate. He proposes to fuse a mixture of potassium chloride 
and phosphoric and sulfuric acid in a rotary kiln at a temperature of 7(X)°C, 
using much less acid than that required for monopotassium phosphate. 
Under these conditions it is claimed that the potassium chloride is com- 
pletely decomposed and the chlorine evolved as HCl. While the material is 
still in the molten state, coal is added to reduce the sulfate present and 
drive off the sulfur as SO 2 . 

The product when cooled consists of a dark colored clinker from which an 
alkaline solution is obtained by leaching with water. The resulting solution, 
which is highly basic, is then treated with phosphoric acid until it shows a 
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pH of from 4.5 to 6 and when evaporated to dryness yields non-hygroscopic 
monopotassium phosphate. 

Although very little monopotassium phosphate is yet available for agri- 
cultural use, this compound has excellent physical properties and is one of 
the most concentrated fertilizer salts^®. 

Monoammonium and Monopotassium Phosphates 

An ingenious process for manufacturing a concentrate containing all 
three fertilizer ingredients (N, P^Os and K 2 O) was developed on a pilot 
plant scale by Ross^' This process involves two main steps: 

(1) Potassium chloride is digested with two or more equivalents of con- 
centrated phosphoric acid at a temperature of 250°C, resulting in the forma- 
tion of a mixture of monopotassium phosphate and phosphoric acid and the 
volatilization of hydrochloric acid, which is collected as a by-product. 

(2) The thick slurry or solution of monopotassium phosphate and free 
phosphoric acid is diluted with water and ammonia passed into the solution 
until a thick slurry consisting of an intimate mixture of monopotassium and 
monoammonium phosphate is obtained. 

The main reactions involved in these two steps are represented in equa- 
tions (8) and (9): 

KCl -f*2H3P04 KH2PO4 + H3PO4 + HCl ( 20 ) 

KH2PO4 + H3PO4 + NH, KH2PO4 + NH4H2PO4 (21) 

The product obtained when dried is a complete non-hygroscopic fertilizer 
having the following approximate composition; 

N « 5.6% 

PiOe - 56.5% 

K 2 O «= 18.7% 

Total plant food »= 80.8% 

To insure the complete removal of chlorides as HCl, it is necessary that 
an excess of phosphoric acid be used in the decomposition of the KCl in the 
first step. The composition of the final product may be altered from that 
given above by varying the proportion of phosphoric acid used in the first 
step and the amount of ammonia passed into the solution in the second step. 

This process has certain very attractive features, but its economic success 
depends to some extent on the utilization of the hydrochloric acid obtained 
as a by-product. If this latter acid is employed in the decomposition of a 
further quantity of phosphate rock, another plant must be constructed for 
the manufacture of dicalcium phosphate, and means provided for the dis- 
posal of large quantities of calcium chloride. 
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19. Basic Slag, Degreased Bone 
and Dicalcium Phosphate 

Wm. H. Waggaman 

Senior Mineral Technologist^ Bureau of Mines ^ U. S, Dept, of Interior 
Available Phosphates 

Available Phosphates include a number of primary and secondary prod- 
ucts resulting from the thermal and chemical treatment of the natural 
phosphates previously described. The term available, however, is a relative 
one and is applied to those phosphate carriers, the application of which ex- 
perience has shown often result in additional crop yields, although the P2O6 
which they contain is virtually insoluble in water. 

The chemical nature of the phosphate compounds in some of these prod- 
ucts is known, while in others the actual composition has not been accu- 
rately determined. Dicalcium phosphate and the metaphosphates of cal- 
cium and potassium are definite chemical compounds and certain highly 
basic phosphate crystals have been identified in basic slag. Calcined and 
fused phosphate rock consist presumably of tricalcium phosphate resulting 
from the elimination of fluorine from the apatite molecule, and the com- 
position of degreased bone is fairly well-known. 

On the other hand, available phosphates obtained by fusing phosphate 
rock with alkalies and alkaline-earth compounds may be solid solutions of 
rather indefinite composition, and complex but unidentified compounds no 
doubt occur in certain organic wastes and by-products. 

While attempts have been made to measure the availability of such phos- 
phates by their solubility in certain weak acids and dilute solutions, no 
laboratory method has yet been devised which will accurately determine 
the rate at which these phosphates dissolve in the soil solution or give 
a true index of their effectiveness under soil conditions. The laboratory 
tests for the availability of phosphates therefore are largely empirical, 
having been built up or evolved by ascertaining what media wilF dissolve 
those types of phosphates which have been found effective in field practice. 
Nevertheless, experience has shown that these tests at least give useful 
indications of the availability of such phosphates under soil conditions. 

The American Association of Official Agricultural Chemists recognizes as 
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available all the P 2 O 5 which is dissolved from a specified weight (1.0 gram) 
of the sample by a definite volume (100 cc) of a neutral solution of ammo- 
nium citrate; in the case of basic slag, European countries employ the so- 
called Wagner method which classes as available the P 2 O 6 dissolved by a 
definite volume of a 2 per cent citric acid solution.^ These methods of 
determining the availability of phosphates are described in Appendix VIIL 

Several plausible arguments are offered in favor of the sparingly soluble 
phosphates over those that dissolve readily in water. The fact that plants 
draw their sustenance from a soil solution that is relatively dilute with 
respect to plant nutrients indicates that highly soluble fertilizers may be 
neither necessary nor desirable. Moreover, there is evidence that water- 
soluble phosphates react with certain soil constituents (AI2O3 and Fe203) 
very soon after they have been applied, forming compounds that are much 
less soluble than those phosphates that are classed as available (but not 
water-soluble). It is claimed also that the sparingly soluble phosphates 
release P2O5 at a rate more nearly conforming to that at which the plant can 
utilize it and hence a more or less constant concentration of the soil solution 
is maintained. 

The following products and by-products which are are insoluble or very 
sparingly soluble in water are generally recognized as available to plants 
under favorable soil conditions : 

(1) Basic slag. 

(2) Steamed and degreased bone. 

(3) Dicalcium phosphate. 

(4) Calcium and potassium metaphosphates. 

(5) Defluorinated and fused phosphates. 

Manufacture and Properties op Basic Slag 

Basic slag obtained as a by-product in the manufacture of steel by either 
the basic Bessemer or the basic open-hearth process is by far the greatest 
source of so-called available P^Os for fertilizer purposes. This product, 
however, is used much more extensively in Europe than in this country. 
The consumption of basic slag as a phosphate fertilizer is second only to 
that of superphosphate, and during both World Wars certain countries had 
to depend largely on this material to meet agricultural demands for phos- 
phoric acid. Prior to World War II, basic slag supplied about 70 per cent of 
the P 2 O 6 used for fertilizer purposes in Germany and a substantial propor- 
tion of that used in France, Belgium and England. The production of basic 
slag in the more important European countries from 1935 to 1938 is given in 
Table 1, Statistics during the war period are not available. 

The Wagner method is no longer official in the United States. 
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Basic slag was first produced in efforts to handle highly phosphatic iron 
ores which were formerly considered unfit for smelting purposes because of 
the deleterious effect of phosphorus upon steel to be used for structural 
purposes or submitted to heavy strains. In 1878, however, two Englishmen, 
Thomas and Gilchrist, worked out a process for completely removing this 
element from pig iron so that high-grade steel could be manufactured from 
these phosphatic ores. Seven or eight years later it was found that the basic 


Table L Production op Basic Slag by Countries, in Metric Tons^ 


Country 

1935 

1936 

1937 

1938 

Europe 

. 




Belgium^ 

569,000 

605,000 

825,000 

857,000 

Czechoslovakia 

125,000 

145,000 

162,562 

162,000 

Eire 

__ 

1,250 

1,481 

1,682 

France 

940,000 

1,035,000 

1,218,000 

860,000 

Germany 

2,025,000 

2,277,000 

2,312,000 

2,550,000 

Italy 

1,731 

1,113 

840 

(0 

Luxemburg 

396,000 

431,076 

532,458 

319,600 

Poland 

1,000 

! e) 

5,0004 

8,100 

Sweden 

15,000 

15,713 

15,442 

« 

U. S. S. R. 

41,000 

(^) 

1 (5) 

( 3 ) 

United Kingdom^ 

276,000 

302,000 

410,000 

471,000 


4,389,731 

4,813,1525 

5,481,7836 


North America: United States^ 

25,000 

35,600 

35,600 

35,600 


4,414,731 

4,848,752 

5,517,383 

5,264,900 


^ Adapted from figures as published by Imperial Institute, London. 

^ Estimated. 

^ Data not available. 

^ Estimated amount ground and used as fertilizers. 

« Exclusive of Poland and U. S. S. R. 

® Exclusive of XJ. S. S. R. 

' ® ' ■ ■ 

slag obtained as a by-product in this process was an excellent phosphatic 
fertilizer. 

Phosphorus is present in pig iron as iron phosphide (FesP) and its removal 
can only be effected by oxidation at high temperatures in the presence of 
basic materials having a strong affinity for the resultant P 2 O 6 . 

Since iron phosphide is not appreciably attacked until the silicon, carbon 
and manganese present in the iron are oxidized, these impurities must be 
removed from the molten metal before the phosphorus is burned. 

The reactions involved and the products formed in the removal of phos- 
phorus from pig iron are rather complex but may be represented as follows: 
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2 Fe 3 P + 6 O 2 4FeO 

•4“ Fe203 4* P 2 O 5 

( 1 ) 

Iron Air or" Ferrous 

Ferric Phosphorus 


Phosphide Oxygen Oxide 

Oxide Pentoxide 


P 2 O 6 + 4CaO 

— > Ca4P209 

( 2 ) 

Phosphorus Lime 

Tetracalcium 


Pentoxide 

Phosphate 



In any event the final compounds of phosphorus are contained in a slag 
which has proved to be a highly effective fertilizer material. 

Basic Bessemer Slag 

The equipment used in the basic Bessemer process consists of a pear- 
shaped steel vessel (known as a convertor) open at the top and provided 
with a number of inlets in its bottom for the introduction of air under 
heavy pressure. This vessel may be tilted on a horizontal axis to allow for 
the introduction of the molten iron and for pouring the slag and steel pro- 
duced. It is lined with suitable basic materials (dolomite and' limestone) 
which have a strong affinity for phosphoric acid (P 2 O 6 ) and which form a 
molten slag with the oxidized silicon and other impurities contained in the 
metal. 

In actual operation the molten iron high in phosphorus is poured into 
this convertor at a temperature of about 1,200°C, and a heavy blast of pre- 
heated air blown up through the metal. The temperature of the mass rises 
rapidly to above 1,800®C, due to oxidation of the silicon, manganese, carbon 
and phosphorus which burn with characteristic flames in the order named. 
The phosphorus is oxidized to P 2 O 6 , which in turn is seized by the basic 
lining of the vessel and converted into complex phosphates. When the 
“blow,’’ determined by the character of the flame, is completed, the conver- 
tor is tilted, the air blast turned off, and the highly phosphatic slag which 
floats on the molten steel is run into a slag pot or ladle (to which is added 
also certain quantities of finely pulverized silica). The slag is then either 
dumped immediately and its temperature rapidly reduced or it is allowed to 
cool slowly in the ladle and is removed in a single lump, which is broken into 
fragments by repeatedly dropping a heavy steel ball (attached to a chain) 
upon the mass. The fragments are passed over a magnetic separator to re- 
move entrapped steel particles and then fed to a ball mill wherein it is 
ground so at least 80 per cent will pass a 100-mesh screen. 

There is considerable difference of opinion as to the effect of rate of 
cooling on the chemical and physical properties of basic slag. Gray® states 
that it is much harder to grind slag which has been allowed to remain in the 
ladle and that it should^ be removed and disintegrated as soon as it can be 
readily handled. Fritsch^ states that poured basic slag if cooled quickly, is 
difficult to grind. Crowther® claims that basic slag cooled from its melting 



360 


PHOSPHORIC ACID AND ITS DERIVATIVES 


point (1,700°C) to 1,100°C and held for some time at the latter temperature, 
loses much of its solubility, due probably to the formation of hydroxyapa- 
tite (Ca5(P04)30H). 

According to Kaysser^^ the availability of the P2O5 in basic slag is in- 
creased by rapid cooling. Chirokov^ claims that quenching the slag with 
water not only disintegrates it, but also increases its solubility. This latter 
practice however is fraught with some risk because of the steel entrained in 
the slag which is apt to cause an explosion. Both Gray® and Fritsch’^ say 
that where the ratio of Fe203 to FeO is about 1 to 3, the product is more 
readily ground than where the proportion of FeO is higher. 

Basic Bessemer slag when finely ground is a dense product having a 
specific gravity ranging from 3 to 3.5. It varies in color from dark gray to 
almost black depending upon the quantities and proportions of the several 


Table 2. Composition of Basic Bessemer Slags 
(According to Mayer) 


Constituent 

Composition (%) 

P 2 O 6 

11.0 to 23.0 

SiOa 

3.0 to 13.0 

CaO 

i 38.0 to 69.0 

PG 2 O 3 

1 6.0 to 25.0 

Mn 02 

1.0 to 6.0 

AI 2 O 3 

0.2 to 3.7 

MgO 

2.0 to 8.0 

S 

0.2 to 11.4 


ingredients contained therein and how they are combined. In addition to 
the P2O6 present, -basic slag is valued for its content of lime and magnesia 
which play important roles as soil conditioners. 

According to Mayer^® the composition of basic Bessemer slag falls within 
the limits given in Table 2. 

While it is highly essential that the silica content of the slag should be 
kept down during the blow in order to insure the complete elimination of 
the phosphorus from the steel, it has been found that in slags of equal P2O6 
content those having the higher percentage of silica usually show a great 
availability both by laboratory and field tests. It is therefore customary to 
add silica to the molten slag when it is poured from the convertor® and 
Wagner^i states that the availability of the P2O5 is thus increased from 10 
to 30 per cent. 

The effective fertilizer ingredient in basic slag is generally believed to be 
tetracalcium phosphate (Ca4P209) and the presence of this compound has 
been determined by a number of investigators^- 23. The mineral ‘Tsokla- 
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site^’ (Ca3P208*Ca(0H)2-4H20) which is found with hornstone or brown 
spar is the nearest approach to tetracalcimn phosphate occurring in nature®. 

By no means all of the phosphoric acid present in basic slag is combined 
as tetracalcium phosphate for other crystalline compounds containing P 2 O 6 
combined with lime and silica have been identified®* ^^* 

KrolP^ gives the f olloAving list of compounds which have been determined 
present in basic slag: 

Silico-carnotite 3Ca0*P206:2Ca0-Si02 

Hilgenstockite 4 Ca 0 -P 205 

Steadite 3 ( 3 Ca 0 *P 205 ): 2 Ca 0 : 2 Ca 0 -Si 02 

Thomasite 6Ca0*P206:2Fe0-Si02 

The first of these silico phosphates was later prepared synthetically and 
found to be very much more soluble in 2 per cent citric acid than tetra- 
calcium phosphate. 

Wagner believed that the P 2 O 5 in basic slag is in the form of a double 
salt of calcium phosphate and calcium silicate and that probably some of 
the P 2 O 6 is united with iron as basic iron phosphate. Cameron and BelP 
state that the efficiency of basic slag seems to depend chiefly on the degree 
of fineness to which it is ground and that the tetracalcium phosphate it 
contains is probably unstable in aqueous solutions. According to RusselP® 
it is generally believed in Great Britain that the P 2 O 6 in basic slag is com- 
bined as a silico-phosphate which is assumed to have a different physio- 
logical action in the soil than the ordinary mineral phosphates. 

Whatever the compounds of phosphorus may be in basic slag (free from 
fluorine), carefully controlled pot and field experiments have shown that 
the P 2 O 5 contained therein is readily available under soil conditions. 

When basic slag was first placed upon the market it was customary to 
sell it on the basis of its total P 2 O 5 content and the degree of fineness to 
which it was ground. These specifications, however, led to the adulteration 
of basic slag with finely ground phosphate rock which necessitated devising 
some method by which a mixture of the two materials might be identified. 
For this purpose Wagner^^ proposed a mixture of dilute ammonium citrate 
and free citric acid. Later, in September, 1896, the Union of German Ex- 
periment Stations at Kiel adopted the 2 per cent citric acid test and did 
away with the total P 2 O 5 standard and fineness of product after checking 
the solubility of P 2 O 6 in this medium with the results obtained by pot ex- 
periments. In Table 3, given by Lindsey^®, it will be seen that in the ma- 
jority of cases results obtained by these two methods checked fairly closely. 

Basic slag is also soluble in carbonated waters and in Table 4 the results 
obtained by Reis and Arens show the relative solubility of several slags and 
various other phosphate-bearing materials in water saturated with CO 2 . It 
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will be noted that in most instances the P2O6 in the slags has a much higher 
solubility than that in bone, phosphorite or even dicalcium phosphate. 


Tabbe 3. Eelation Between the Solubility of the PgOs of Basic Slag in 2 
Pee Cent Citeic Acid and Its Availability as Shown by Pot Expeeiments 


Brand of Slag 

Availability of PiOs 

Number 

In 2 per cent acid 

In pot tests 

1 

100 

100 

2 

85 

80 

3 

81 

72 

4 ; 

72 

72 

5 

73 

66 

6 

76 

63 

7 

39 

40 

8 

48 

38 

9 

42 

38 

10 

45 

31 

11 

38 

30 


Table 4. Solubility of Basic Slag in Watee Saturated with Carbonic Acid 



Content of 

Quantities Dissolved by 
10 Liters of Water 
Saturated by CO 2 

Comparative 

Solubility 

SiOs 

(%) 

PtOfi 

(%) 

CaO 

(%) 

SiOj 

(%) 

PtOs 

(%) 

CaO 

(%) 

SiOs 

(%) 

PjOs 

(%) 

CaO 

C%) 

Basic slag I 

2.57 

18.30 

48.68 

1.51 

4.19 

19.37 

58.8 

22.9 

39.8 

Basic slag II 

5.20 

15.07 

48.82 

3.15 

5.66 

24.84 

50.9 

37.4 

51.0 

Basic slag III 

2.85 

21.30 

48.36 

2.11 

7.55 

27.85 

74.0 

35.5 

57.5 

Basic slag IV 

4.05 

18.33 

50.35 

2.27 

6.81 

24.19 

56.0 

37.5 

48.0 

Basic slag V 

7.67 

16.32 

47.98 

4.22 

7.89 

24.54 

56,3 

48.1 

51.1 

Basic slag VI 

6.93j 

15.74 

48.15 

3.55 

4.50 

25.08 

51.2 

28.7 

52.0 

Basic slag VII 

5.54 

24.00 

46.35 

3.05 

7.59 

19.36 

86.1 

31.6 

41.7 

Shell slag 

18.15 

13.47 

44.10. 

4.99 

3.45 

15.17 

27.4 

25.5 

34.4 

Prepared slag 

6.58 

24.95 

51.25 

4.07 

7.79 

21.00 

61.8 

31.2 

40.9 

Scheibler's precipitate 

8.02 

33.36 

31.10 

0.62 

7.36 

9.37 

7.7 

22.0 

30.1 

Hoyermann^s precipitate 

5.70 

14.93 

34.05 

1.29 

4.96 

19.96 

22.7 

33,0 

58,5 

Bicalcic phosphate of lime 


51,09 

41.03 


8.57 

6.95 


16.8 

16.8 

Tricalcic phosphate of lime 


43.26 

51.45 


5.41 

7.04 


12.5 

13.6 

Tetracalcic phosphate of lime 


36.85 

62,70 


15.52 

33.27 


42.1 

53.0 

Degreased cattle bones 


25.23 

32.75 


7.19 

9.65 


28.5 

28.9 

Bone ash made from above 


41.71 

55.75 


2.29 

3.29 


5.5 

5., 9 

bones 










Phosphorite 

1.77 

32.00 

45.36 

0.10 

' 1.00 

1.67 

5.7 

3.1 

3.8 



SLAG, BONE AND DICALCIVM PHOSPHATE 


363 



iCowrt^sy of Tennessee Coal, Iron and RR Company) 
Figubb 1. Two Bessemer converters in operation. In the basic Bessemer process, 
these converters are line^ with limestone and dolomite which combines with the P2O5 
produced when air under pressure is blown through the high-phosphorus molten iron, 

hearth of an arched chamber or furnace heated by oil or producer gas, and 
the molten iron poured over these heated materials. A basic slag containing 
phosphoric acid and most of the other impurities is thus formed and tapped 
or poured from the furnace when the metal has reached the proper degree 
of purity. 

The basic open hearth process may be divided into the ^'cold metal” and 
‘‘hot metal” modifications. In the former a large proportion of steel scrap 
is used and hence the slag obtained is relatively low grade; in the hot metal 
modification the steel is largely derived from pig iron containing an appre- 
ciable percentage of phosphorus and hence the resultant slag is usually 
richer in P2O6. 


Basic Open-Hearth Slag 


Open hearth furnaces are adapted to produce steel in much greater quan- 
tities than Bessemer convertors and where the character of the iron permits, 
are more widely employed. These furnaces are of two general types, namely, 
fixed or stationary furnaces from which slag and steel are periodically 
tapped through notches provided for this purpose and tilting furnaces 
which permit the pouring of the molten charge. 

In the basic open hearth method iron ore and lime are charged unon the 
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The main distinctions between the basic Bessemer and basic open hearth 
processes are that in the former process the oxygen necessary for the puri- 
fication of the metal is derived entirely from the air which is blown through 
the molten mass and the high temperature required is obtained from the 
combustion of the silicon, carbon and phosphorus contained in the metal. 
When using this process, therefore, a pig iron rich in phosphorus is actually 
desirable in order to insure the necessary high temperature. 

In the basic open-hearth process on the other hand, 70 per cent of the 
oxygen required for the purification of the metal is derived from the iron ore 
charged to the furnace, and only 30 per cent from the oxidizing gases in the 
furnace. Moreover, the heat necessary for the reactions is largely supplied 
from an outside source. The manufacturer of open hearth steel prefers to 
use a low phosphorus pig iron and this fact, coupled with the greater pro- 
portion of slag produced, makes the phosphate content of basic open-hearth 
slag considerably lower than that of basic Bessemer slag. RusselP® states 
that there are three distinct furnace products used for agricultural purposes 
in England under the name of basic slag: (1) high-grade basic Bessemer 
slag containing 20 per cent of P 2 O 6 (85 per cent citric soluble ) ; (2) open- 
hearth basic sjag containing from 7 to 14 per cent P2O5 (85 per cent citric- 
soluble); (3) open-hearth basic slag containing from 7 to 10 per cent total 
P2O5 (only 20 per cent of which is citric-soluble) in the manufacture of 
which considerable quantities of fluorspar (CaF 2 ) have been employed as a 
flux. 

Approximately thirty years ago it was found that the addition of fluor- 
spar to the charge in the open-hearth furnace increased the fluidity of the 
slag and speeded up the steel-making process. This is particularly true in 
the manufacture of high-carbon steels (0.5 to 0.85°C). 

Unfortunately, the addition of fluorspar greatly diminishes the solubility 
of the P 2 O 6 in the slag and its efficiency as a fertilizer. This is due to the 
formation of fluorapatite or complex compounds having the apatite struc- 
ture which are notably insoluble in both ammonium citrate and citric acid 
solutions^*’. 

The chief aim of the steel manufacturer, however, is to produce metal at 
the lowest possible cost, and in some cases the addition of fluorspar saves 
considerable time, labor and fuel, thus more than offsetting the reduction 
in the value of the resultant slag. 

Consequently, much of the basic open-hearth slag has been materially 
decreased in value because of the fluorspar employed for fluxing purposes. 
According to Gray® some steel works employing the basic open-hearth proc- 
ess pay particular attention to the production of high quality slag. In such 
plants, it is the practice to draw off the bulk of the slag through a notch be- 
fore the addition of fluorspar. This scheme is particularly adapted to open- 
hearth furnaces of the tilting type. 
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Basic slag rich in P2OS cannot be produced where high carbon steel is 
required since carbon oxidizes before the phosphorus. Therefore, low phos- 
phorus pig iron must be used in the open-hearth furnace where steel of this 
type is manufactured. 

Processes for the Enrichment of Basic Slag 

Various schemes have been proposed for the enrichment of basic slag to 
increase its agricultural efficiency and hence its sales value. Most of these 
processes have certain objectionable features and few have proved eco- 
nomical when tried on a commercial scale. Brief discussions of some of these 
processes appear warranted to acquaint the reader with the problems in- 
volved in raising the content of basic slag. 

Addition of Phosphate Rock to Molten Slag. It has been suggested that 
finely ground phosphate rock be added to the molten slag as it is tapped 
from the furnace, on the assumption that the slag will react with this 
mineral and convert the insoluble P2O6 contained therein to an available or 
citric acid-soluble form’^^’ This scheme has proved to be neither practical 
nor effective for the following reasons: 

( 1 ) It is difficult to distribute the finely ground rock throughout the 
mass of slag, or cause it to dissolve therein; hence merely increasing the 
total P2O5 content of the slag without increasing the quantity of available 
P2O6 is of no advantage. 

( 2 ) Even if the phosphate rock can be made to react with the molten 
slag by subsequent mixing or stirring, the amount of soluble P2O6 in the 
final product is apt to be less than it was before treatment^. This has been 
proved by Jacob and his co-workers^^ studying the role of small quantities 
of fluorine in reducing the solubility of phosphates of lime. 

This latter objection applies also to the introduction of phosphate rock 
directly into either the basic Bessemer or open-hearth furnace^®’ since 
in the presence of basic materials the fluorine is largely retained by the slag 
and adversely affects the solubility of the P2O6. 

Addition of Phosphate Rock to the Blast Furnace. The addition of phos- 
phate rock along with iron ore and limestone directly into the blast furnace 
was suggested by Mehner in 1910 , and a similar scheme for the manufacture 
of ferro-phosphorus was applied commercially for a number of years in the 
Tennessee phosphate fields. Such a practice raises the phosphorus content 
of the pig iron and the fluorine is discharged in the blast furnace slag. 

On bessemerizing or treating this high phosphorus pig in the basic open- 
hearth furnace, slags can be produced which have a higher content of avail- 
able or citric acid-soluble P2O6 than those derived from low phosphorus pig. 

On the other hand, more time is r^uired in the steel making step in 
order to reduce the phosphorus content of the metal to the desired point. 
Moreover, since the production of metal low in nhosohorus is the nrimarv 
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objective, it is difficult to persuade the steel maker to add further quantities 
of this objectionable impurity to the furnace stock. 

Bertrand-Theil Process 

Jones^^ has somewhat hesitantly suggested the use of the Bertrand-Theil 
process for enriching basic slag and describes this method as follows: 

^Tn this process which is a modification of the open hearth process, 
two furnaces are used in place of one. In the primary furnace pig iron 
without scrap is worked with a highly basic slag. Simultaneously, scrap, 
oxide of iron and limestone are heated to a high temperature in the 
secondary furnace. When practically all of the silicon and phosphorus 
have been removed in the primary furnace the metal is transferred to 
the secondary furnace, where the process is completed. As no scrap is 
used in the primary furnace, the slag is not diluted thereby, and a 
grade containing a high percentage of phosphorus can be obtained in 
this way. The bulk of the phosphorus having been eliminated in the 
primary furnace the slag in the secondary furnace is necessarily low in 
phosphoric acid. 

Duplex Process 

The amorphous red hematite ores of Alabama are appreciably higher in 
phosphorus than the ores from which most of the iron and steel produced 
in the United States are derived. 

A typical analysis of this Alabama ore as given by Bowrah^ is as follows: 
Analysis of Typical Birmingham Iron Ore 

(%) 

Moisture 1.00 

Iron (Fe) 36.31 

Silica (Si02) 16.82 

Alumina (AI2O3) 3.20 

Lime (CaO) 14.22 

Manganese (Mn) 0.17 

Phosphorus (P) 0.35 

Pig iron produced from this ore has the following analysis: 

Analysis of Pig Iron Produced from Birmingham Ores 

(%) 

Silicon (Si) 0.70 to 1.00 

Sulfur (S) 0.075 max. 

Phosphorus (P) 0.80 to 1.00 

Manganese (Mn) 0.35 to 0.45 

Fe 97.50 to 99.08 

Pig iron of the above composition is first treated in an acid Bessemer 
convertor to remove the silicon, carbon and manganese and the resultant 
metal (high in phosphorus) separated from the siliceous slag by pouring off 
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the latter. The blown metal enriched in phosphorus is then added to the 
basic open-hearth furnace and is washed through the molten basic slag. The 
phosphorus is thus oxidized, and the resultant P2O5 combines with the lime 
of the slag to form basic phosphates. According to Bowran^ the ferrous 
oxide content of the slag can be so controlled that it is unnecessary to add 
any fluorspar to the open-hearth slag to promote fluidity and hence the P2O5 
in the slag is highly available as a fertilizer. 

A typical analysis of this slag, kindly furnished the writer by Mr. 
B. P. Curtis of the Tennessee Coal Iron and R. R. Company which manu- 
factures a substantial tonnage of this product, is given below. 

Analysis of B^sic Slag Produced by Duplex Process from Alabama Pig Iron 


Iron oxide (FeO) 

(%) 

9.62 

Iron oxide (Fe 203 ) 

15.34 

Silica (Si02) 

10.72 

Alumina (AI 2 O 3 ) 

1.63 

Lime (CaO) 

40.88 

Magnesia (MgO) 

5.44 

Manganese oxide (MnO) 

2.98 

Total Phosphoric Acid (P 2 O 6 ) 

10.81 

Citric acid Sol. (P 2 O 5 ) 

8.89 

Carbon dioxide (CO 2 ) 

1.68 

Arsenic (As) 

0.008 

Copper (CU) 

.004 

Fluorine (F) 

.150 


The slag is poured from the tilting open-hearth furnaces into slag boxes 
and as soon as it has cooled to a point where it can be handled, the cakes 
are broken up by. dropping a 5 -ton steel ball on them. Most of the steel 
entrained in the slag is removed by a magnetic separator after which the 
product is taken up by a grab bucket, crushed to a size of IJ inches and 
ground in a ball mill to a fineness of 90 per cent through a lOO-mesh screen. 
This product is sold ^s a soil conditioner. 

The use of basic slag in American agriculture is rather limited, and most 
of that which is consumed is imported. This is not due to lack of apprecia- 
tion of the merits of this product but to the fact that the bulk of the domes- 
tic iron ores are so low in phosphorus that the slags contain only very small 
percentages of P2O5. In addition, our enormous deposits of phosphate rock 
and large output of sulfuric acid have made it possible to obtain water- 
soluble phosphates at such a low price that it is difficult for basic slag to 
compete with them. 

Degkeased Bone 

As previously pointed out, raw bone is an uneconomical and relatively 
ineffective phosphate fertilizer. The grease which it contains makes it difli- 
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cult to ^ind and renders it so resistant to weathering influences and bac- 
teml action that its decomposition in the soil is greatly delayed. 

The removal of the fat or grease, however, changes the physical and 
chemical character of the bone rendering it friable, easily ground and caus 

Sdib to crop!' 

St m “ T 7^"® extracted constitutes a valuable by-prod- 

uct. Wh le degreased bone is sometimes treated with sulfuric acid and hs 
phosphate content rendered water-soluble, the usual practice is to apply it 
m a finely ground condition directly to the soil since experience has shJwn 



{Courtesy of Tennessee 
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treated further to extract the rfnp tt, degreased bone is 
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The treatment of bones with organic solvents is the most effective way of 
extracting the grease and if the bones are to be subsequently used to re- 
cover glue or gelatin, this method is generally employed. 

The raw bones are first sorted and passed over a magnetic separator to 
remove any tramp iron. They are then crushed, either between heavy- 
toothed rolls or in a hammer mill, and any bone dust screened out. To ex- 
tract the grease from the crushed bone various organic solvents, such as 
benzine, carbon tetrachloride, gasoline and carbon disulfide have been tried, 
but petroleum benzine or naphtha is usually preferred. No solvent having a 
boiling point much above 100*^0 is suitable for this purpose. 

Several types of extraction equipment have been proposed, but the fol- 
lowing description of the plant and its operation is typical: 

The equipment consists of one or more cylindrical tanks or extractors 


Table 5. Composition op Raw, Degreased and Degelatinized Bone 


Ingredients 

Raw Bone 
(%) 

Boiled Bone 
(%) , 

Steamed 

Bone 

(%) i 

Fat Extracted and 
Degelatinized Bone (%) 


{1) 

(2) 

Moisture 

20.46 

10.81 

10.97 

9.25 

8.54 

Organic matter 

34.09 

25.97 

22.48 

17.66 1 

19.53 

Tricalcic phosphate 

39.21 

53.15 

57.17 

62.39 

61.22 

Magnesia and lime carbonate 

4.16 

6.28 

6.89 

8.55 ! 

8.74 

Alkali salts 

1.14 

0.27 

trace 

0.38 

0.59 

Silica 

0.94 

1.07 

0.86 

1.77 

1.38 

Contained nitrogen 

3.63 

2.45 

1.74 

0.97 

1.05 


fitted with filter plates or false bottoms and holding approximately ten tons 
of crushed bone. Each extractor is equipped with a charging door at the top 
for introduction of the stock and a similar door near the bottom for the re- 
moval of the fat-extracted product. These doors are closed and bolted when 
the plant is in operation. A pipeline (controlled by a valve) leads from an 
overhead solvent tank into each extractor (below the false bottom) and this 
space contains steam coils for heating the liquid solvent thus introduced. A 
valved outlet in the base of each extractor permits the grease and solvent 
emulsion to be drained into a still which is connected with a condenser for 
the recovery of the volatilized solvent. A pipeline (also controlled by a 
valve) leads from the top of the extractor to the same condenser. Sepa- 
rators are provided to separate water from the condensed solvent and per- 
mit the latter to be re-used. 

In operating the plant, the crushed raw bone is charged into the ex- 
tractor, and sufficient organic solvent introduced to cover the steam coils. 
The steam is then turned on, and extraction proceeds as the solvent vapor 


370 


PHOSPHORIC ACID AHD ITS DERIVATIVES 


is driven off, condensed by the column of stock and percolates back to 
the main body of liquid. After this first extraction, the valve controlling 
the outlet to the condenser is opened, and the solvent mixed with the 
water derived from the moisture in the bones is distilled off and condensed. 
The solvent is then separated from the water and re-used. 

The operation is then repeated by introducing fresh solvent and after 
this second extraction the grease emulsion is drawn off and the solvent 
separated therefrom by distillation. 

After the grease has all been removed, steam is blown through the col- 
umn of extracted bone to drive off the last traces of solvent. The ex- 
tractor is then opened and the bone allowed to dry. 

The grease is then sent to the refinery and the extracted bone is either 
marketed directly as bone meal or treated further for the recovery of other 
products. A diagram of bone extraction equipment is shown in Figure 3. 

Even if all the degreased bone produced were consumed for fertilizer 
purposes it would represent only a small proportion of the P 2 O 6 entering 
into agriculture. But by no means is all of the degreased bone used in 
fertilizers, for bone is a very desirable and much sought raw material in 
the manufacture of bone black and its by-products (oil and ammonia). 
Moreover, a considerable tonnages of bones are also used in animal feed 
supplements and in the manufacture of glue and gelatin, yielding dical- 
cium or precipitated phosphate as a by-product. So important is bone black 
in the refining of sugar solutions and in the purification of certain vegetable 
oils, that its manufacture is described in a separate chapter (Chapter 2,7). 

Dicalcium Phosphate 

Although dicalcium phosphate is not a water-soluble compound it has 
much to recommend it as a soil amendment and were it not for the fact 
that it is more costly to produce than the water-soluble monocalcium 
phosphate, much greater quantities would be used for fertilizer purposes. 

Theoretically, it would appear that dicalcium phosphate should be manu- 
factured considerably more cheaply than monocalcium phosphate since 
it is intermediate between the latter compound and tricalcium phosphate. 

This is evident from consideration of the two following equations: 


Ca3(P04)s + 2 H 2 SO 4 

GaH4(P04) 

2 4" 2 CaS 04 


Tricalcic 

Sulfuric 

Monocalcic 

Calcium 

(3) 

Phosphate 

Acid 

Phosphate 

Sulfate 


Ca3(P04)2 

+ H 2 SO 4 

2 CaHP 04 

4-CaS04 


Tricalcic 

Sulfuric 

Dicalcic 

Calcium 

(4) 

Phosphate 

Acid 

Phosphate 

Sulfate 


It is obvious that if reaction (4) took place, the amount of sulfuric acid 
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required would not only be one-half as great as that necessary for reaction 
(3), but the final product (a mixtureof calcium sulfate and 'dicalcium phos- 
phate) would be much more concentrated with respect to P 2 O 5 and thus 
economies in transportation handling and distribution charges effected. 



As pointed out in Chapter 15 efforts have been made to reduce the 
quantity of sulfuric acid normally employed in making superphosphate 
with a view to obtaining a product in which dicalcium phosphate is the 
predominating phosphate compound but only minor acid economies have 
been effected in commercial practice. Zbornik^®, however, claims to have 
converted the bulk of the P2O5 of phosphate rock into dicalcic phosphate 
of a citrate-soluble form by treating it with approximately one-half of the 
phosphoric acid normally required. This inventor mixed the acid and rock 
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in an autoclave maintained at temperatures between 130 and 220°C and 
at a pressure of more than 25 psi. Zbornik states that the moisture content 
of the mixture during digestion is a critical factor and should be main- 
tained below 12 per cent. He employed phosphoric acid having a con- 
centration of about 85 per cent H3PO4. 

Ordinarily dicalcium phosphate is manufactured from phosphoric acid, 
or from water-soluble phosphates produced by the action of nitric or hydro- 
chloric acid on bones or mineral phosphates. When either of these acids is 
employed in decomposing natural phosphates, the resulting solutions con- 
sist of mixtures of highly soluble salts which cannot be readily separated. 
Moreover, these solutions when evaporated to dryness or crystallized, 
yield salt mixtures having physical properties that render them unsuitable 
for fertilizer purposes. 

Therefore, in order to obtain a usable phosphate product, the acid 
solutions are neutralized with lime or an alkali and dicalcium phosphate 
precipitated which can be filtered off, washed, dried and marketed as a 
fertilizer, for stock feed or as a mild abrasive. 

After bones have been degreased either by a preliminary boiling or 
by extraction with benzine, they consist largely of tricalcium phosphate 
and an organic material known as ossein. On leaching degreased bone with 
weak hydrochloric acid (a 2 to 5 per cent solution) the tricalcium phos- 
phate is completely dissolved, yielding a solution of monocalcium phos- 
phate and calcium chloride: 

Ca3(P04)2 + 4HC1 ^ 2CaCl2 + CaH4(P04)2 

To this solution milk of lime is then carefully added in sufficient quan- 
tity to produce dicalcium phosphate: 

CaH 4 (P 04)2 4- CaO 2 CaHP 04 4- H 2 O 

During the addition of the milk of lime filtered samples of the solution 
are tested from time to time to avoid an excess of base which would cause 
the formation of tricalcium phosphate. 

The precipitate of dicalcium phosphate is then washed (with the mini- 
mum amount of water) free of calcium chloride in a filter press, dried and 
packed for shipment. 

The undissolved residue resulting from the acid extraction of the de- 
greased bone is soaked, limed, washed, neutralized and boiled to convert 
it into glue or gelatin, the manufacturing details of which are ably de- 
scribed by Bogue^^ J. Alexander^^, and Lambert^^^ and therefore will not 
be treated here. ' 

With a view to effecting an economy in the quantity of sulfuric acid 
required to decompose phosphate rock, Newberry and Barrett^^ proposed 
to treat this mineral with a mixture of sulfuric and hydrochloric acids 



SLAG, BONE AND DICALOIUM PHOSPHATE 


373 


suflacient to form monocalcium phosphate, separate the calcium sulfate 
and insoluble residue from the acid solution by filtration, evaporate the 
latter to dryness and heat the dried product sufficiently high to drive off 
hydrochloric acid and convert the soluble salts into dicalcium phosphate. 
The hydrochloric acid is collected to be re-used. The reactions in their 
simplest form are as follows : 

CasCPOds + H2SO4 + 2 HC 1 == CaS04 + CaCla +• CaH4(P04)2 ( 5 ) 

CaCh -f CaH4(P04)2 + heat = 2CaHP04 + 2HC1 (6) 

Theoretically, this process appears to have considerable merit since 
only one-half as much sulfuric acid is required as that employed in manu- 
facturing water-soluble phosphate. In actual practice, however, the method 
has certain objectionable features: Unless the temperature at which hydro- 
chloric acid is evolved is carefully controlled* highly insoluble calcium 
pyrophosphate is likely to be formed, yet unless the dried mass is suffi- 
ciently heated, a certain amount of calcium chloride will remain in the 
residue rendering it hygroscopic and unfit for fertilizer use. 

30 patented a process somewhat similar to the above consist- 
ing in first producing monochlorophosphate (CaClH 2 P 04 *H 20 ), the manu- 
facture of which is described in Chapter 18, then decomposing this com- 
pound with steam at a temperature of 200 to 400°C according to the 
following equation: 

CaClH2P04-H20 4 - steam CaHP04 + HCl + H2O 

The inventor claims that under these conditions no calcium pyrophos- 
phate is produced and the hydrochloric acid can be completely recovered 
and used to decompose further quantities of phosphate rock. As far as 
known, neither of these processes is being applied commercially. 

Pike®® has proposed to acidulate calcined phosphate rock suspended in 
water with hydrochloric acid till the P2O5 is completely converted into 
phosphoric acid. The acid solution is then treated with finely ground lime- 
stone to produce a solution of monocalcium phosphate and calcium chlo- 
ride. An amount of milk of lime is then added sufficient only to precipitate 
the P 2 O 6 as dicalcium phosphate which is separated from the solution by 
filtration. The only possible advantage that this process appears to have 
is some slight saving in the cost of the neutralizing agent since limestone 
instead of the more costly milk of lime is used to neutralize the first hy- 
drogen of the phosphoric acid. 

A continuous process for producing dicalcium phosphate is described by 
Seyfried®® consisting in passing waste HCl gas through a column of un- 
ground phosphate rock over which water is sprayed. The resulting solu- 

* Dicalcium phosphate loses water of constitution at temperatures above 220 '’C. 
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tion of phosphoric acid, monocalcium phosphate and calcium chloride is 
continually withdrawn from the base of the tower as fresh rock is fed into 
the top. The acid solution is then partially neutralized with lime in a sep- 
arate chamber to produce dicalcium phosphate. 

Most processes involving the use of nitric acid yield products containing 
mixtures of dicalcium phosphate and other salts. Such products usually 
contain appreciable amounts of water-soluble P 2 O 6 and are discussed in 
Chapter 18. 

Curtis^ proposes to produce dicalcium phosphate from phosphoric acid 
by means of limestone rather than milk of lime. The process consists in 
adding coarsely ground limestone to the acid until it is converted into a 
solution of monocalcium phosphate, then mixing this solution with a 
slurry of very finely ground limestone to effect the conversion of mono- 
calcium into dicalcium phosphate. Macintire®® also has patented a some- 
what similar process using highly concentrated phosphoric acid and finely 
ground limestone. It is obvious that neither of these processes is applicable 
' to the economic manufacture of dicalcium phosphate for fertilizer purposes. 

A number of processes have been patented covering the manufacture of 
dicalcium phosphate through the medium of sulfur dioxide and sulfurous 
acid®®' 26. 37. 39, 

Bogue®^ describes the following three-step process for producing di- 
calcium phosphate from degreased bone: The first step consists in con- 
tinuously circulating a saturated solution of sulfur dioxide over the crushed 
bone in a closed container, maintaining an acidity sufficiently high to 
keep the mineral matter in solution as monocalcium phosphate and cal- 
cium acid sulfite. In the second step the decanted solution is treated with 
steam, resulting in the precipitation of a mixture of dicalcium phosphate 
and normal calcium sulfite with the regeneration of part of the sulfur di- 
oxide. In the third step, the balance of the sulfur dioxide is recovered by 
treating the mixed precipitate with sufficient hydrochloric acid to convert 
the calcium sulfite into calcium chloride leaving the dicalcium phosphate 
undissolved. ' 

These three steps are represented by the equations given below: 

Leaching Step ; Ca3(P04)2 -h 4SO2 + 4H2O CaH4(P04)2 + 2CaH2(S03)2 (7) 
Steaming Step : CaH4(P04)2 + CaHjCSOala == 2CaHP04 + CaSOa -1- SO2 (8) 
Regeneration of SO2: CaSOs + 2HC1 ~ CaCL + SO2 4- H2O (9) 

Whereas sulfur dioxide reacts with the calcium phosphate in bone, it is 
not effective in decomposing phosphate rock®^ The effect of sulfur dioxide 
and sulfurous acid on the natural phosphates is discussed in Chapter 18. 

The reactions whereby a mixture of phosphoric acid and calcium sulfate 
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is converted into dicalcium phosphate and ammonium sulfate by means of 
ammonia are described and discussed in the Chapter 17. 
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20. Calcined, Fused and Defluori- 
nated Phosphates 

W. T. Whitney 

Chief Chemist^ Coronet Phosphate Company, Plant City, Florida 

and 

C. A. Hollingsworth 

Research Chemist, Coronet Phosphate Company, Plant City, Florida 
Intkodtjction 

The various processes for rendering phosphate rock soluble in 2 per cent 
citric acid or a solution of neutral anamonium citrate by heating it to rela- 
tively high tenaperatures alone or mixed with silica, silicates and an alkali" 
salt or with a magnesium mineral are covered in 'this chapter. Calcined 
superphosphate and triple superphosphate are also included since these 
products because of their low fluorine content offer possibilities as animal 
feeds. 

Until the role that fluorine plays in phosphate rock was disclosed, most 
of the processes proposed and patented for producing available phosphates 
by calcination were based on false premises due to little or no knowledge 
of the factors which affect the solubility of natural phosphates. Earlier 
products were seldom uniform and the results could not be duplicated in 
commercial practice because of variations or irregularities in operating 
technique. 

Histoky of Earlier Processes 

Calcined apatite or phosphate rock is valuable both as a fertilizer and 
as a mineral supplement to animal feeds. As a fertilizer, it is not essential 
that fluorine be completely eliminated from the natural rock as long as 
the phosphorus component has the required degree of solubility. However, 
for use as a mineral supplement in Hvestock and poultry feeds, fluorine, 
being toxic, must be almost completely eliminated®k 

Pure mineral fluorapatite has a composition represented by the for- 
mula CaioF 2 (P 04 ) 6 , the fluorine content of which is 3.77 per cent. Natural 
phosphate rocks, such as Florida land pebble and hard rock, are similar to 
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apatite, but might possibly contain within the apatite lattice once or more 
substituted elements or radicals^®' 29 . in addition to the substituted elements 
or radicals within the lattice itself, other constituents are present such as 
carbonate of lime, oxides of iron and aluminum, quartz, sulfur, magnesia, 
the alkali metals, and trace elements. An excess of fluorine over the theo- 
retical amount required for the fluorapatite formula is usually present. 
Natural phosphate rocks vary in fluorine content from less than 1 to over 
4 per cent^®. 

With the idea of doing away with the use of sulfuric acid for the manu- 
facture of soluble phosphates, investigators have spend considerably time 
and effort on calcination processes. In this process phosphate rock is heated 
with one or more cheap reagents intended to either bring about the de- 
composition of the mineral or so alter its physical structure that the pro- 
duct conforms to the conventional tests specified as measures of agri- 
cultural availability. While available phosphates produced by calcination 
processes would meet a demand in certain sections where an acid phos- 
phate is not desired, these processes have been investigated chiefly for 
economic reasons since they seem to offer a means of utilizing low-grade 
phosphate rock or mineral phosphates containing certain impurities which 
render them unfit for treatment with sulfuric acid. Even where lower 
grades of phosphate are treated by calcination the final products usually 
contain higher percentages of P2O5 than ordinary superphosphate. There- 
fore if the cost of producing the unit of available P2O5 were no less than 
that obtained by the sulfuric acid method, the saving effected in trans- 
portation and handling charges on the more concentrated products should 
give the latter a considerable economic advantage®^. 

Although much research work has been conducted on calcination proc- 
esses, there is comparatively little recorded outside of the patent literature. 
Among the processes described below a few appear to have been com- 
mercially successful, but in most instances certain mechanical or chemical 
problems have arisen which made it difficult to obtain a product in which 
the P2O5 was uniformly available®^. It is the writers' belief that the in- 
consistent results obtained on a commercial scale were due primarily to in- 
consistent fluorine removal. In most calcination processes the phosphorus 
availability increases as the fluorine decreases. This is particularly true 
in processes requiring a temperature of 2400 (1316°C) and above. 

Phosphate Rock, Silica and Lime 

There are a number of patents in which it is claimed that heating phos- 
phate rock with silica alone, or with silica and an alkaline earth compound, 
brings about reactions by which the phosphate is rendered citrate soluble. 
In the processes of DeChalmot^^ and Downs^® mixtures of phosphate rock 
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and sand were heated .with the idea of bringing about a combination be- 
tween the silica and phosphate rock, producing a compound somewhat 
analogous to that found in slag obtained by the basic open-hearth or basic 
Bessemer process. The final product is said to contain an average of 20 
to 22 per cent of P2O5, all of which is soluble in 2 per cent citric acid®®. 

In the process of Stead®® both lime and silica are mixed with phosphate 
rock and the mass heated to a smelting temperature. In order to reduce 
the melting point of the mixture, mill cinder or some iron bearing mineral 
is added. The inventor claimed that a product containing a compound 
of the definite formula Ca5P2SiOi2 is obtained, which is readily available 
under soil conditions®®. TromeP® proposes adding CaO and Si02 to phos- 
phate rock, and calcining at about 1450®C to produce a compound 
9Ca0-p205-3Si02 or IGCaO-PsOs-SSiOs. 

Phosphate Rock and Potash Silicates 

With the idea of obtaining both potash and phosphoric acid in avail- 
able forms, a number of investigators have proposed mixing a potash- 
bearing mineral such as feldspar with the phosphate charge and heating 
the mixture to a temperature where double decomposition occurs. Typical 
examples of such processes are those of Meriwether^®, Cowles® and Dela- 
court^®. In none of these processes is a soluble alkali metal compound used. 
Cowles^® proposes to heat a mixture of phosphate rock and a potash-bear- 
ing silicate in a rotary kiln to a temperature ranging between 1000 and 
1700°G. The two minerals are mixed in such proportions that two molecular 
weights of lime are present for eacfi molecular weight of silica. The in- 
ventor assumes that the phosphoric acid in the resultant product is com- 
bined with potash and alumina and that the lime is largely in the form of 
silicate. 

Delacourt’s process is similar to that Just described, except that free 
silica is mixed with the charge in addition to that present in the potash 
silicate. This investigator further stipulates a temperature of 1000 to 
1100°C and the maintenance of oxidizing conditions to prevent the re- 
duction of P2O5. The product, it is claimed, consists of a mixture of potas- 
sium calcium phosphate and calcium silicate®®. 

Phosphate Rock, Alkali Salts and Silica 

In the process of Day^® phosphate rock containing CaCOs is said to be 
made available by heating above calcination temperature, but below 
fusion. The reaction is greatly facilitated and the reaction time reduced 
by having a suitable proportion of silica present. Alkali salts such as kainite, 
KCl or K2SO4 may be added to reduce the temperature of reaction. 
Wolters®^ proposes fusing phosphate with alkaline earth and alkali silicates 
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above 1200°C. Heating with alkali silicates alone is harder to work and 
does not give as high citrate availability as that obtained with mixed 
silicates. Lowman^^ proposes making a fertilizer material by heating phos- 
phate rock, sodium chloride, burned dolomite or magnesium limestone, 
and fluorspar. In the processes of Rothe®° various combinations of phos- 
phate rock, alkali oxide as salts (such as K 2 SO 4 ), alkali chloride, silica, 
calcium or magnesium carbonate are heated in excess of 900°C with steam 
present. 

Phosphate Rock and an Alkali Metal Hydroxide or Carbonate 

Wiborgh®^, Conner^ Newberry^^, Galt^^, and Stoppani and Volpato^^ 
have proposed heating to bright redness in a suitable furnace intimate 
mixtures of finely ground phosphate rock and an alkali metal hydroxide 
or carbonate until a sintered or semi-fused mass is obtained. 

While the same general principle is followed in all of the processes listed 
above, the mode of procedure and the proportions of the several ingredients 
used are varied by the inventors. There also appears to be a wide difference 
of opinion regarding the chemical reactions involved^®. 

Phosphate Rock and an Alkali Metal Salt 

Probably the calcination processes which have receiv,ed the most thor- 
ough investigation are those in which an alkali metal compound (usually 
Na 2 S 04 or NaHS 04 ) is mixed with phosphate rock in relatively small 
quantities and heated in a furnace to a temperature where the acid radical 
of the salt is volatilized. Frequently part of the alkali base is volatized as 
well. This general scheme is varied by a number of inventors, silica, sili- 
cates or carbonates being used in addition to the alkali salt mentioned 
above. Typical examples of these processes are furnished by the patents 
of Newberry and Barrett'*^ Newberry and Fishburne'^®, Landis®^, Soper®^ 
Kreiss^^ and Meyers^b Practically all of these inventors agree that in order 
to obtain a product in which P 2 O 6 is readily available it is necessary that 
the mass be thoroughly impregnated with the alkali metal compound 
during the early stages of heating, and that the mixture be maintained in a 
porous condition throughout the operation. The temperatures specified 
by the various inventors range all the way from 1000 to 1500°C^^. 

In the process of Shoeld®^ a phosphate slurry containing 20 to 30 per cent 
Na 2 S 04 is heated suddenly (1 to 5 seconds) by injecting it into the central 
section of a rotary kiln so as to avoid the low temperature sintering zone. 

Guernsey and Yee^^ made a rather extensive study to determine the 
optimum composition and conditions for calcining a mixture of phosphate 
rock, sodium sulfate and powdered coal. They found that best results were 
obtained when a charge consisting of 100 parts phosphate rock, 15 parts 


380 


PHOSPHORIC ACID AND ITS DERIVATIVES 


sodium sulfate (as Na 2 S 04 ), and 15 parts of powdered coal was calcined 
at 1300°C for 25 to 30 minutes. The product obtained was 90 per cent citrate 
soluble. 

Pbesent Commercial Processes 

Generally speaking, the method of producing available P 2 O 5 from phos- 
phate rock by calcination or fusion at elevated temperatures may be divided 
into two groups: 

( 1 ) Those based on chemical reactions between the rock and an alkali 
salt or magnesium silicate. 

( 2 ) Those based on the removal of fluorine through volatilization. 

In group (1) the solubility of the phosphate is brought about primarily 
by the chemical reaction which takes place between the phosphate rock 
itself and the added reagents which are usually silica, silicates, an alkali 
salt or a magnesium mineral. In such processes complete removal of fluorine 
is not essential for high fertilizer availability, but normally 50 per cent 
or more of the fluorine is eliminated and a fused product is obtained. 

At the present time there are at least two commercial processes for 
producing soluble phosphate without defluorination, namely, the Rhenania 
process and fusion of phosphate with magnesium silicate. Rhenania phos- 
phate has been produced in Germany for a number of years, while calcium 
magnesium phosphate is a relatively new product that is now being pro- 
duced by the Permanente Metals Corporation, Permanente, California, 
and by Manganese Products, Inc., Seattle, Washington. 

In group (2) available phosphates are obtained primarily by eliminating 
fluorine from the phosphate rock, although certain reagents may be added 
to facilitate removal of fluorine, and these actually take part in the chem- 
ical reactions. This group of processes normally requires a temperature of 
at least 2400 (1316®C) and usually the temperatures should be above 
2600°F (1427°C). Defluorination may take place without fusion or by 
actually melting the phosphate rock. In most cases for effective defluorina- 
tion water vapor must be present. Fluorine is normally volatilized as HF. 
Another normal essential for high solubility is quick cooling of the calcined 
product to prevent the P 2 O 6 from reverting to an insoluble form. This is 
usually accomplished by quenching the hot product with air or water. 
In this type of process the fluorine in the final product should be below 
0.20 per cent to obtain a high fertilizer availability. 

Rhenania Phosphate 

Of the various processes proposed for making available phosphates by 
thermal treatment of phosphate rock with alkali salts, few have been 
successful in attaining production on a commercial scale. In Germany, 
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however, there is a product known as Rhenania phosphate which has been 
raanufactured for a number of years. Full information on the process and 
of the product is given in a report by Hawes and Lea^^, from which the 
following description is taken: 

The Rhenania Phosphat Werke, a subsidiary of Kali-Chemie, at their 
plant at Brunsbuttelkoog, is producing a basic phosphate fertilizer by 
sintering a mixture of phosphate rock, soda ash, and sand in rotary kilns. 
Methods and operating technique have gradually improved, and the avail- 
able phosphorus has been increased from 12 to around 30 per cent. A con- 
version of 90 to 95 per cent of the P2O5 to a citrate-soluble form is being 
effected. It is claimed that its fertilizer value is equal to that of superphos- 
phate, and it sells at the same price per unit of PsOs^^* 

Rhenania phosphate is sold in three grades according to solubility in 
neutral ammonium citrate with guaranteed available P2O6 content of 
23 to 25 per cent, 25 to 27 per cent, and 27 to 29 per cent. The maximum 
production for any one month was 10,000 tons, and the annual maximum 
output was 107,000 tons. The process requires the exercise of very close 
control throughout all operations and experienced burners to calcine the 
material within the narrow limits required^^. 

Plant and Equipment. Storage capacity of the plant is 100,000 tons of 
phosphate rock, 6,000 tons of sand, 1,000 tons of soda ash, and 10,000 
tons of finished product. A coal-fired 11 x 1.7 meter rotary drier is employed 
for drying separately both the phosphate and sand. Capacity is 10 to 12 
tons per hour. Sand is ground separately in a 8 x 1.5 meter 2-compartment 
ball mill with a grinding capacity of 2 to 3 tons per hour. The dry phos- 
phate and dry ground sand are mixed and ground in a 5| x 1.8 meter single- 
compartment tube mill with input of 10 to 12 tons per hour. 

There are four kilns approximately 35 x 1.7 meters. Three of these 
kilns have enlarged clinkering zones, and one is a straight cylinder^®. They 
are lined with low-alumina block and fired with powdered coal, Natural 
draught is employed and dust is collected with an electrostatic dust col- 
lector and recycled to the feed. Cooling of the clinker is effected by four 
brick-lined coolers 10 x 1.2 meters without lifters^^. 

Raw Materials. Phosphate rock from various sources was used which 
included Curacao, Kola concentrates, Kola lump, and North African 
phosphate. 

Sand is brought from sand pits on the Keil Canal by lighters and trans- 
ferred to storage at the plant. It contains about 92 per cent silica. Soda 
ash in bags or bulk is hauled from the works by rail or barge and dumped 
into a storage bin. 

The company also used ''Schwartz Lauge,” a waste product from the 
paper industry, containing about 57 per cent sodium carbonate and 36 
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per cent combustible matter. It is said to work just as well as soda ash and 
is less expensive. 


phosj»hate, sand sodium carbonate 



Sodium sulfate has also been used as an admixture with soda ash in 
some of the operations, but it is said to require a higher mole ratio of the 
soda compounds to P2O5 than sodium carbonate, cause greater wear on 

* J. R. Hawes and F. M. Lea, Phosphates Kali-Chemie, Brunsbuttelkoog. (F. B. 
Report 18913) 





CALCINED, FUSED AND DEFLUORINATED PHOSPHATES 383 


the kiln lining and involve the problem of sulfur compounds in the stack 
gases^l 

Bituminous slack coal used in this process should not contain over 6 
per cent ash and about 25 per cent of volatile matter^®. 

Chemistry of the Process. According to Hawes' and Lea^^ the chemical 
reaction for pure fluorapatite can be expressed as follows: 

2(9Ca0*3P205- CiiF2) + 6Na2C03 -h 5Si02 — >• 6(Na20*2CaO*p205) + 4(2Ca0*Si02) 

+ SiF4 + 6CO2 

The SiF4 is decomposed into Si02 and HF, and part of the latter 
is volatilized. 

The compound in the product expressed by the formula GaNaPOi is 
soluble in neutral ammonium citrate^^. 

Raw materials are proportioned to give a ratio of 1 mole of Na2C03 
to 1 mole of P2O5. Phosphate rock with a high fluorine content requires 
1.1 to 1.2 moles of Na2C03 per mole of P205^^. The theoretical amount of 
silica required in the process is the amount necessary to combine with the 
CaO liberated by reaction to form 2Ca0'Si02. Actually around 10 per 
cent in the raw mix is required, taking into account the Si02 present 
in the phosphate. Too much silica in the mixture tends to soften the load 
in the burning zone and gives trouble by excessive balling and the for- 
mation of sausages^^. 

A typical mixture of raw materials with the use of Constantine phos- 
phate contained 17 per cent Na2C03 and 10 to 11 per cent of Si02. This 
produced a clinker containing about 26 per cent total P2O6 and 24 to 25 
per cent P 20s soluble in ammonium citrate^^. 

Operation of the Process. Dry sand previously ground to a fineness of 85 
to 95 per cent passing a sieve having 4900 openings per square centimeter 
(about 170 mesh) is proportioned and mixed with dry phosphate rock and 
fed to a tube mill. The mixture is ground to a fineness of 50 per cent mdnus a 
4900 screen. A typical mixture is 1,000 parts of phosphate rock and 115 
parts of sand (92 per cent Si02). The phosphate-sand mixture is propor- 
tioned and mixed with soda ash by synchronized automatic weighers and 
mixing screws. It is then elevated to one of five storage hoppers having a 
total capacity of 600 tons. From here the material is conveyed to a paddle 
screw where it is dampened with 10 per cent water and fed to the kilns. 
The dust recovered by the electrostatic precipitator is added at this point. 
The amount of dust varies between 4 and 10 per cent^. 

The kilns are fired with coal which is dried and ground in a ring roll 
mill. The speed of the kilns is 1 revolution in 55 and 1 revolution in 80 
seconds. The capacity of each kiln is 4 to 5 tons of clinker per hour “with 
a coal consumption of about 15 per cent.^’ The slope is 1 in 25. Tempera- 
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tures in the hot zone are 1100 to 1250°C. The temperature of exit gases 
from the kilns is about 400''C. The maintenance of temperature is very 
critical. ‘Tncipient fusion’’ is allowed to the extent of a certain amount of 
''climb” on the kiln walls. "Distinct fusion” is prevented by reducing the 
jSres^^. 

Water is introduced into the burning zone by a jet at the rate of ap- 
proximately I gallon per minute. Water vapor is considered essential for 
driving off the fluorine in sufficient amounts to obtain the maximum citrate 
solubility The clinker, however, contains from 1.25 to 2.50 per cent 
fluorine, which in itself does not show sufficient fluorine removal to obtain 
the solubility effected by the defluorinating processes used in the United 
States. 


Table 1. Analyses of Rhenania Phosphate 



Kola Concentrate Clinker 
(%) 

Curacao-Constantine Clinker 
C%) 

Ignition loss 

0,60 


SiOa 

10.54 

9.84 

P 02 O 3 

0.71 

0.34 

AWz 

1.53 

0.56 

CaO 

40.05 

43.10 

Na 20 

15.43 

13.41 

K 2 O 

0.30 

0.23 

P 2 O 5 

29.09 

31.19 

F 

2.19 

1.26 

SO 3 

0.20 


P 2 O 5 soluble in citric acid 

28.00 

28.00 


Mud rings are formed in the feed end of the kilns; clinker rings are formed 
in front of and in the rear of the burning zone, which build up and seriously 
affect combustion. The mud rings and the clinker rings behind the burn- 
ing zone are usually removed by shifting the flame. Those close to the 
discharge end are eliminated by poking with an iron bar. When any of 
these rings become so large that they cannot be eliminated otherwise, it 
is necessary to shut down the kiln and remove them by hand^®. 

The material as it comes from the kiln is slightly sticky and builds up 
in the chute leading *to the cooler. A small stream of water sprayed in 
the chute eliminates this difficulty^. The product is discharged from the 
kiln at about 1150'^C and its temperature is reduced to 400 to 600°C in 
the cooler. It is then crushed to about 25. centimeters in size, conveyed to 
the clinker storage bins, and later ground to a fineness of 85 per cent or 
more through a 4900 screen in ring-type grinding mills and stored in an 
open warehouse. One per cent of mineral oil is added to the grind to pre- 
vent dusting^®. 
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Finished Product. The finished product is packed in open-mouth paper 
bags for shipment by a Mackeson of Hanover packer. The capacity of 
these machines, which come in two sizes, are 8 and 16 tons per hour re- 
spectively 2 ^. Hawes and Lea^^ give the analyses of Rhenania phosphate in 
Table 1. 

The analyses of a sample taken from this plant in 1949 by the writers 
are given in Table 2. 

The producers of Rhenania phosphate claim’ that it is insoluble in water 
but available to plant life, that it does not revert and can be successfully 
mixed with nitrogenous and potassium-containing fertilizers'^^. However, 
in view of its basic character the writers of the report doubt the wisdom 
of mixing it with large proportions of ammonium salts. 

Table 2 

P 2 O 5 Total 

P2O5 Available 2% citric acid 
PaOfi Available neutral ammonium citrate 
Si02 
FeaOa 
A1203 
CaO 
F 

NagO 

Rochling Phosphate 

Maclennan et describe a product somewhat similar to Rhenania 
phosphate which has been produced on a pilot-plant scale by Rochling’sche 
und Stahlwerke and others at Volklingen, Saar, Germany. Instead of using 
soda ash and sand, soda slag (a waste material from the desulfurization of 
iron with sodium carbonate) is fused with phosphate rock to make a basic 
phosphatic fertilizer. A conversion of better than 90 per cent of the phos- 
phate constituent to the citrate soluble form is claimed for the process. 

The following advantages were claimed for this process over that for 
Rhenania phosphate. Instead of using three raw materials (phosphate 
rock, sand and soda ash) which require very careful proportioning and 
properly controlled kiln conditions the Rochling process requires only two 
materials (phosphate rock and soda slag). The latter contains the neces- 
sary ingredients for the decomposition of fluorapatite, namely, NaaO and 
SiOg. The kiln feed does not have to be ground, and proportioning of the 
raw materials and control of burning conditions are not criticaP^. 

Experimental work was carried out in two small rotary kilns and a new 
type of refractory lining was developed for the burning zone consisting of a 


Ground Product 
(%) 
24.70 
23.62 
23.35 
12.43 
0.59 
1.37 
42.08 
2.40 
12,65 
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mixture of tar and ground dolomite, and was made either in the form of 
“concrete” or brick. A longer life over other refractories was claimed for 
this materiaP’'. 

Soda slag was obtained from Volklingen, Saar. Following is a break- 
down of its composition, according to Alaclennan^^: 


Na 20 

(%) 

23-35 

Si 02 

22-34 

Pe 

3-10 

Mn 

2-8 

CaO 

3-10 

MgO 

1-5 

AI 2 O 3 

2-5 

S 

6-12 

P 2 O 5 

0.2-3 

V 

0,1-0. 9 


Slags in which CaF2 was used as a flux are not desirable due to the for- 
mation of insoluble fluorapatite. Any type of phosphate rock is said to be 
suitable for the process, with a preference for a high content of R2O3 to 
•assist in fusion. A material 5 to 10 mm, such as Florida pebble, was found 
most desirable. The process is carried out as follows: 

Soda slag is crushed to 5 to 10 mm in size and metallic iron is removed 
by magnetic separation. Soda slags of different analyses are mixed to obtain 
correct proportions and small amounts of Na2C03 and CaCOs are added 
if necessary. Phosphate is used as received. Raw materials are proportioned 
by weight to obtain a molar ration of 1 to 1.2 Na2G to 1 P2O5, mixed in a 
mixing screw conveyor, and fed to the kiln. Powdered coal is used for fuel. 
Fusion of the charge and completion of the reaction is accomplished at 
llOO^C. Flue dust is re-cycled to the feed. An average of 25 tons. per day 
was produced in the pilot kiln. Bach ton of clinker requires 0.5 to 0.6 tons 
of phosphate and 0.50 to 0.58 tons of soda slag. The molten slag is dis- 
charged from the kiln at a temperaturb of lOOO'^C into a cooler where its 
temperature is reduced to about 300°C. Contrary to the usual practice in 
nearly all calcining processes where quick cooling is required to retain or 
increase availability, it was found in this process that quick cooling re- 
duced the availibility of the phosphate constituent from 2 to 5 per cental 
The cooled clinker is ground in ball mills to a fineness of about 90 per 
cent through an A.K. 16 sieve and packed in bags for shipment. 

The main reaction involved can be expressed by the following equation: 

2(9CaO*3P206-GaF2) + eNasO 4- SSiOa 6(Na20-2Ca0*P206) 


+ 4(2Ca0-Si02) -f- 


CALCINED, FUSED AND DEFLUORINATED PHOSPHATES 387 

Analysis of a typical sample taken from a run in which Florida pebble 
was used is as follows: 


P 2 O 5 Total 

(%) 

19.81 

P 2 O 6 Ammonium citrate soluble 

18.60 

CaO 

32.00 

SiOa 

19.80 

NaaO 

12.90 

MgO 

3.60 

AhOa 

4.10 

Fe 

3,60 

S 

0.20 

F 

0.30 


According to information furnished in 1946 by Maclennan et aZ.^^, ‘'ex- 
perimental work had been completed, the pilot plant had been dismantled, 
and a full scale plant at Mannheim/Rheinau was nearly ready for opera- 
tion by a new company called Hutten Chemie G.M.b.H/’ The plans were 
for an annual capacity of 60,000 tons. As their ^‘intended source of supply 
of soda slag lies in the French zone of Germany, it is not known if they 
are experiencing difficulties in obtaining this raw material. In conclusion 
Maclennan®^ states that ''the process appears to be technically sound, 
but "results” should be confirmed by "full scale production over a period 
of time.” "Economic production would depend on a cheap supply of suit- 
able soda slag.” 


Calcium Magnesium Phosphate 

This new type of phosphate fertilizer has been referred to as phosphate 
rock magnesium silicate glass^®. An article was published in 1943 by Walt- 
hall and Bridger®® describing the preparation of an available phosphate 
fertilizer by fusion of phosphate rock and olivine. The P 2 O 6 and MgO 
constituents were both rendered available to plants. Since these experi- 
ments were run considerable interest has been taken in this type of product. 
The process has been developed from the laboratory through the pilot- 
plant stage to large-scale productions^. It is now being produced by the 
use of both serpentine and olivine. 

Fused calcium magnesium phosphate, a product made by the Permanente 
Metals Corporation at Permanente, California, is on the market under the 
name Thermo-Phos®’ 

Raw materials consist of western phosphate rock and serpentine (a 
hydrated magnesium silicate) which is obtained from a local deposit. The 
raw materials are proportioned and fed to two converted electric furnaces 
where the charge is fused. The molten material after being tapped from 
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the furnaces is granulated, dried, ground and bagged for shipment. The 
output of the plant is given at 6,000 tons monthly®' 

Thermo-Phos contains around 18 per cent P 2 O: and 15 to 17 per cent 
MgO. Therefore, this fertilizer is a source of magnesia as well as phos- 
phorus. It is claimed to have been used successfully on various types of 
soils. While it can be applied directly to the soil, the major portion of the 
output is used in mixed fertilizers’’. 

Manganese Products, Inc., Seattle, Washington, is producing calcium- 
magnesium phosphate fertilizer by fusing in an electric furnace a pro- 
portioned mixture of phosphate rock and olivine (a magnesium iron silicate). 
The conditions in the Northwest are favorable for the operation of the 
process, with an ample supply of raw material and a ready market for the 
product^^. 

Moulton^^ in a recent article describes the process as follows: 

Phosphate rock is mined at the Company's mine at Flint Creek Valley, 
near Phillipsburg, Mpntana, and hauled by rail to the plant at Seattle. 
It contains 30 to 32 per cent P 2 O 6 . Olivine is brought by barge from Cypress 
Island, near Anacortes, Washington. The ore contains around 8 per cent 
iron, as Fe 203 . Both of the raw materials are crushed to —1.5 inch in size 
before shipment to the plant. In the rainy season they are dried in a rotary 
drier to a moisture content of around 1 per cent. The phosphate rock and 
olivine are proportioned approximately two parts of phosphate to one 
part of olivine, and fed to a conveyor belt which discharges into the furnace 
hopper. 

The furnace is a converted three-phase Green electric arc steel type now 
10 feet high and 5 feet, 8 inches in diameter inside of the refractory lining. 
It is equipped with three 6-inch graphite electrodes, which are consumed 
at the rate of 15 pounds per ton of rock^®* The electric power re- 
quirements with the present capacity are 5,000 amperes and 180 volts and 
power consumption is at the rate of 850 kw-hours per ton of product. 
The furnace lining consists of carbon paste rammed in the bottom of the 
furnace. The part of the shell that comes in contact with the molten ma- 
terial is not lined, but is cooled by a water jacket which forms a solidified 
coating of slag on the inside of the shell. The portion of the shell above the 
melting zone is lined with fire brick^^ 

The furnace is charged continuously, and operates at about half the 
capacity of 10 tons within the crucible. The fusion time is one to two hours 
and the operating temperature about 1500 to 1600°C. A ton of mixed feed 
yields 0.9 to 0.95 tons of fused product^®* A large portion of the iron 
constituent in the olivine is reduced to the metallic state and is tapped at 
the lower hole of the furnace. The gases from the furnace consist of water 
vapor, H 2 , N 2 , CO, CO 2 , and fluorine compounds^^. 
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Tapping is done for 30 minutes with 5-minute intervals between. The 
molten slag flowing out is quenched with jets of water under high pressure 
to prevent the phosphate from reverting to an insoluble form. The quenched 
material is broken into granules of about 20 mesh in size, and is moved 


PHOSPHATE ROCK OUYINE 





PRODUCT STORAGE 




FUSED PHOSPHATE 
FERTILZER 
\ 9 % AVAILABLE 

VALVE BAG PACKER *V 

Figure 2. Flow sheet of calcium magnesium phosphate plant.’'* 

from the bottom of the quenching tank by an inclined scraper flight con- 
veyor and then conveyed to a stock pile, where it is allowed to drain. The 
product is dried to less than 1 per cent moisture in an oil-fired rotary drier, 
ground to 150 mesh in a ball mill, and packed in 100 -pound bags for ship- 
ment. The present capacity of the plant is 50 tons per 24 hours, but it is 
reported that plans are under way to greatly increase the output^*^- 42 ^ 

* R. W. Moulton, Manganese Products, Inc., C/im. Eng., 5Q, 102--04 (July, 1949). 
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The product is granular, free-flowing, does not cake, is non-acid, and 
non-hygroscopic. It contains at least 19 per cent available P 2 O 5 and about 
14 per cent MgO, 

A typical analysis of this fused phosphate fertilizer is given by Moulton^^ 
as follows: 


P2O5 Total 

(%) 

22.5 

P2O5 Available 

19.0 

CaO 

29.0 

MgO 

14,0 

SiOa 

23.0 

F 

1.8 

K-2O3 

7-8 


The nutrient value of the phosphate rock naagnesium silicate glasses 
produced with the use of both serpentine and olivine have been studied 
by the XJ. S. Department of Agriculture^. When finely ground the growth 
response to these glasses was greater than that to triple superphosphate 
on certain soils. It was found that fineness was highly important to pro- 
duce solubility and crop response. 

Deflxjoeination of Phosphate Rock 

The calcination and removal of fluorine from phosphate rock on a lab- 
oratory scale has been studied by numerous investigators. CaldwelP de- 
scribes a method of treating ground phosphate rock and carbonaceous 
material in an oxidizing atmosphere at 1400 to 1450°C to remove the 
fluorine. Jacob and his co-workers of the U. S. Department of Agriculture 
volatilized fluorine by thermal treatment in the presence of silica and water 
vapor. They have shown that treatment of small charges of phosphate rock 
in thin layers at 1400°G in an electric furnace with water vapor present 
removed 95 per cent or more of the fluorine. Better than 90 per cent of the 
phosphorus pentoxide content was rendered soluble in neutral ammonium 
citrate. The product was caked or sintered, but not fused^®’ ah ^ 

Bally^ proposes making soluble phosphates by defluorinating free-falling 
phosphate particles in a vertical furnace, burning powdered coal. Fluorine 
is recovered in a scrubbing tower. 

In the process of Curtis^^ phosphate rock is defluorinated and made 
citrate-soluble by heating at 1300 to 1400°C in water vapor atmosphere 
produced by the ignition of hydrogen in oxygen. Some silica is required 
for defluorination. Luscher^^ proposes calcining phosphate rock by re- 
circulating steam after removal of fluorine gases. A tunnel type furnace 
with resistance heater is used. Luscher®® also proposes to melt phosphate 
rock and silica and pass steam through the melt in a restricted zone. 



CALCINED, FUSED AND DEFLUORINATED PHOSPHATES 391 

Curtis^^ and others in small-scale tests defluorinated phosphate rock 
by fusion at temperatures 50 to ITO'^C above the n;elting point with water 
vapor present. Results were checked in semi-works oil-fired furnaces. 
Elmore^® describes a method of removing fluorine from phosphate rock 
and rendering it available as plant food by mixing with acidic oxide ma- 
terial and heating to fusion temperature in the presence of water vapor. 

An invention by Maust and Hollingsworth® ^ describes the use of phos- 
phate rock with less than 3 or 4 per cent silica, mixing about 5 per cent of 
aluminum phosphate with the rock, pelletizing and firing at 2700 
(1482°C) to 3000®F (1649®C) with plenty of steam in the kiln atmosphere. 
In addition, the nodules may contain 10 to 50 per cent of carbonaceous 
material which burns out at 1800 to 2400 (982 to 1316®C), leaving porous 
nodules more open to the action of water vapor. 

The chemical reaction that takes place when fluorine is volatilized from 
fluorapatite can be represented by the following equation: 

CaioFsCPOOe + H 2 O 4- Si02 SCaaCPOOs + CaSiOs 4- 2HF26 

At the present time there are at least three processes employed for pro- 
duction of defluorinated phosphate. These processes are: 

(1) Breaking the bond that holds the fluorine in the fluorapatite lattice 
by first treating the rock with some chemical such as sulfuric acid followed 
by thermal treatment. 

(2) Fusion of phosphate rock in the presence of silica and water vapor. 

(3) Thermal treatment (without fusion) of phosphate rock in the pres- 
ence of silica and water vapor®h 

Defluorinatfd Superphosphate 

Several patents have been issued for defluorinating superphosphate. 
They are all based on calcining in calciners or rotary kilns. Wight and 
Anderson®® describe a process for treating den or granular superphosphate 
in a rotary kiln at temperatures between 600 and 800°C to remove the 
fluorine and increase the availability of calcium and phosphorus for an 
animal feed supplement. Shoeld®^ proposes to reacidulate calcined super- 
phosphate (in which the fluorine content has been reduced to around 0,1 
per cent) with concentrated sulfuric acid and to heat the mixture to 
incipient SO3 fumes thereby reducing the fluorine content to about 0.015 
per ceiit. The object of the invention is to produce a solid, non-toxic, acidic 
phosphatic material. 

Shoeld®®- claims an improvement on the Wight patent by calcining 
superphosphate at temperatures above 800 to substantially 1200°C. The 
additional heat removes most of the sulfur combined as calcium sulfate 
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and converts practically all of the monocalcium phosphate to the tri- 
calcium form. The fluorine is subttantially all removed. 

An invention by Butt^ relates to processes of removing fluorine from 
superphosphate, triple superphosphate or a mixture of the two. To prevent 
fusion of triple superphosphate, which occurs at 300°C and higher, and to 
prevent evolution of sulfur gases from gypsum, which is present in super- 
phosphate, he proposes to add to the superphosphate a basic alkaline earth 
compound such as calcium carbonate, calcium oxide, hydrated lime or 
dolomite in amounts more than enough to neutralize the free acid present. 
The fluorine is then removed by calcining at a temperature of about 875 to 
900°C. The product is soluble in 0,4 per cent HCl solution and the fluorine 
content reduced generally to a figure below 0.1 per cent. No analyses are 
given showing SO3 content. 

The production of defluorinated superphosphate on a commercial scale 
was started during the early part of World War II when there was a 
shortage of bone meal. Removing fluorine from superphosphate appeared 
to be a quick answer to the bone meal problem. At one time during this 
period there were at least four plants in operation^h 

The methods employed by all operators were similar, with certain varia- 
tions in calcining temperatures, time of detention, and material handling, 
etc. A general description of the process is given as follows: 

Superphosphate, den or granular, is conveyed from storage to a feed 
hopper- from which it is fed by a belt, screw, or other suitable type of feeder 
to a brick-lined rotary kiln. An iron bar, fastened by a swivel and chain, 
prevents the formation of mud rings in the feed end. The load is treated 
at temperatures varying from 800 to 1200^0, according to the required 
degree of conversion of the phosphate constituent. Jets of water are in- 
troduced into the hot material just before being discharged from the kiln 
to supply an excess of water vapor, which aids in defluorination. The prod- 
uct is in the form of nodules from f to | inch in size. The discharge from 
the kiln is conveyed to a cooler and then elevated to a hammermill which 
reduces it to about 60-mesh in size. After this it is put into a storage bin, 
and from here the product is bagged and loaded into cars for shipment. 
The fluorine is substantially all volatilized and the conversion of mono- 
and dicalcixim to alpha and beta tricalcium phosphate depends upon the 
calcining temperature, detention time and amount of sulfur trioxide re- 
moved. The following analysis gives the P2O5 and fluorine content of a 
typical superphosphate before and after treatment: 


^ Ingrediesat 

Before 

' 'After'^' 


20.79% 

30.75% 

F 

1.64% 

0.06% 
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Defluorinated Tricalcitim Phosphate. Under the heading of defluorinated 
superphosphate there should be included a patent issued in 1948 in which 
Butt^ describes a method for the manufacture of defluorinated tricalcium 
phosphate for an animal feed ingredient. Ground phosphate rock is mixed 
with material containing available P2O5 in amounts sufficient to bring the 
mole ratio between 2.7 and 3.1 in the final product according to the follow- 
ing formula: 

Moles of CaO + MgO + Ka^O -h K2O - SO3 - 
Moles of P2O6 ~ Fe203 - AI2O3 

Phosphate rock ground to a fineness of about 94 per cent passing a 60* 
mesh screen is treated with 53.5°B4 phosphoric acid, in a suitable mixer, 
and dumped on a pile to cure from 1 to 24 hours. The mass is then re- 
ground to pass a 6-mesh screen and fed to a 6 x 80 foot cement-type rotary 
kiln having a pitch of about 1 inch in 8 feet, and revolving at the rate of 
about 2.5 rpm. The kiln is fined with refractory brick and is ribbed or 
corrugated on the inside to effect a tumbling action of the charge through 
the hot gases. Fuel oil is used for fuel. Feed to the kiln is at the rate of about 
1,500 pounds per hour, and kiln discharge is at the rate of 1,100 to 1,200 
pounds per hour. The calcining loss is about 20 to 25 per cent. The detention 
time of the charge in the kiln is about 1 J hours^. Water vapor is introduced 
under certain conditions by a spray of water in the hot end. The tempera- 
ture at the hottest point, which is about 8 feet from the burner, is around 
1200°C. No mention is made of the formation of any coating on the inside 
of the kiln fining. An example is given of a mix of raw materials consisting 
of 100 pounds of phosphate rock containing 34.75 per cent P20fi, 49.35 per 
cent CaO, 3.85 per cent F, and 380 pounds of phosphoric acid containing 
33.0 per cent P2O6, 1.4 per cent CaO, 1.9 per cent F, which by calcining 
yielded 1,050 pounds of product analyzing 45.5 per cent total P2O6, 45.5 
per cent CaO and 0.038 per cent F^. 

It is claimed that triple superphosphate can be used instead of phos- 
phoric acid in the process, provided that the desired mole ratio is maintained 
in the final product. 

This process can be carried out successfully in two steps. In this case 
sufficient additional phosphoric acid or equivalent material is added to the 
mix to give to an intermediate product a mole ratio below about 2.7. 
The mixture is calcined at 1100 to 1200°C. The intermediate product is 
ground to about 50-mesh and mixed with a basic material such as lime 
to bring the molt ratio in the final product to about 3.0. It is then recaleined 
at around 1000°C. 

It has been shown that the 2-step process is easier to practice than the 
1-step process, and that the cost of production is probably no higher. At 
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least 80 to 90 per cent of the total PsOs in the product is claimed to be in 
the form of tricalcium {ortho) phosphate, and the ratio of fluorine to P 2 O 5 
not more than about 1 to 300^. 

Fused Tricalcium Phosphate 

In account of the difficulties experienced in the control of temperatures 
below the fusion point, the Tennessee Valley Authority concentrated their 
efforts on the removal of fluorine from phosphate rock in the molten state. 
Factors affecting the volatilization of fluorine from the fused rock were 
studied on a laboratory scale. According to Hignett and Hubbuch^®, it 
was found that the rate of defluorination was affected by the viscosity of 
the melt, the velocity of the furnace gases, the presence of water vapor, 
the depth of the molten charge, temperature, and chemical composition 
of the melt^l It was claimed that ‘under favorable conditions 90 per cent 
or more of the fluorine could be volatilized in 10 minutes.’’ The phosphate 
constituent was found to be tricalcium phosphate^®, and the name fused 
tricalcium phosphate was given to the product 

Investigations were carried from the laboratory to the pilot-plant stage 
using several types of furnaces. The final type for demonstrating the use 
of the process was a cylindrical refractory-lined shaft, which was fired 
first by gas and later by fuel oiP®, 

Results of field tests showed that fused tricalcium phosphate produced 
in pilot furnace operations was comparable on certain soils to concentrated 
superphosphate. Estimates based on operations indicated that the material 
could be produced at a low cost^®. A demonstration plant was, therefore, 
constructed near Columbia, Tennessee, at TVA’s phosphate mining and 
concentration plant. Operations were begun in June, 1945, and continued 
intermittently for a number of years. Improved semi-commercial units 
are now in production. 

The furnace charge is a briquetted mixture of phosphate matrix and 
phosphate sand proportioned to give a 20 to 25 per cent silica content to the 
product. As described by Hignett and Hubbuch^® the charge material, in the 
form of briquettes, is conveyed from the briquette storage bin to a hopper 
over the skip pit (Figure 4). It is dumped from there into a weigh hopper 
where it is weighed and dumped into the skip car, which elevates the 
charge to a charging hopper on top of the furnace. The capacity of a skip 
car is about 1 ton. It is discharged from the charging hopper into the 
furnace by opening a bell at the bottom of the hopper. The load to the 
furnace is controlled by the operator who makes frequent inspections at 
the access door. There are two cylindrical shaft furnaces approximately 
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43 feet high and 8 feet in diameter (inside of the refractory lining), Fig- 
ure 4. 

The furnace was originally equipped with 4 burner ports located at the 
bottom of the furnace, which were later changed to two and redesigned to 
improve efficiency. They are 30 x 10 inches and connected with the hearth 
of the furnace at a 30° downward angle. The 2 burners are fired with grade 
5L fuel oil at about 225°F (107°C). Air for combustion is furnished by air 
compressors at 3 to 10 psi at the burners. The charge is melted and settles 
to the hearth of the furnace. It is tapped at approximately one-hour in- 
tervals and the molten phosphate is discharged into a brick-lined trough 


AGGLOMERATED 



Figure 3. Flow diagram of process for defluorination of phosphate rock by fusion. 


where it is quenched with jets of water of high velocity. When tapped 
from the furnace the temperature of the melt is around 2550 to 2700°F 
(1399 to 1482°C). The water and granulated material empties from the 
trough into a pit from which the water overflows and is re-cycled. The wet 
product is picked up with a bucket crane and dumped on storage. It is 
then screened through a l|-inch screen. The oversize is returned to the 
furnace and the undersize is dried in an oil-fired rotary drier. The dried 
material is screened and the oversize is reduced in a hammermill to pass a 
lO-mesh screen. It is then packed in bags and loaded in cars for shipment. 
The gases from the furnace go to the fluorine recovery process (see flow 
sheet, Figure 3). 

Data pertaining to the operation of the Columbia plant are given by 
Hignett and Hubbuch^® as follows: 
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The output of the 2 furnaces is around 150 tons in 24 hours. A feed of 
1.12 tons is required to produce 1 ton of product. About 50 gallons of fuel 
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Figure 4. Cross-sectional sketch of one of the TVA^s fiised tricalcium phosphate 
furnaces near Columbia, Tennessee. 

oil and 70,000 cubic feet of air are required per ton of product. Each ton of 
product requires about 5 gallons of fuel oil for drying and about 3 gallons 




Figxjee 5. View of the two TVA fused tricalcium phosphate furnaces near Colum- 
bia, Tennessee. Product storage pile is in foreground. 


Figure 6. Tapping one of the TVA's fused tricalcium phosphate furnaces. 
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for generating steam for heating purposes. Other cost requirements per 
ton are 130 kw-hours for power, 4,000 gallons of water and 2.7 man hours 
of labor (based on full capacity of 150 tons per day). These figures do not 
include maintenance labor, administration, and operation of plant service 
facilities. 

Fused tricalcium phosphate is described as a grayish-green material that 
does not cake, is non-hygroscopic, and is insoluble in water. 

Examination of the quenched material shows alpha tricalcium phos- 
phate, glass, and cristobalite^®. It contains from 26 to 30 per cent total 
P 2 O 6 , 38 to 42 per cent CaO, 20 to 25 per cent Si02, 7 to 12 per cent Fe 2 G 3 
+ AI2O3, and 0.2 to 0.4 per cent fluorine. About 80 per cent of the P 2 O 6 
is soluble in 2 per cent citric acid by the Wagner method, and about 75 
per cent is soluble in neutral ammonium citrate. The laboratory tests do 
not give as good results as those obtained from crop responses in certain 
field plot tests^®. 

The finished product is distributed on a basis of the total P 2 O 6 present 
and 0.4 per cent maximum fluorine content. It is claimed that this is a 
better indicator of its value as a plant food than other chemical methods 
employed^®. Extensive feeding tests have demonstrated the value of fused 
tricalcium phosphate as a source of phosphorus and calcium when added 
as a supplement to animal feeds^^. 

Recovery of Fluorine 

An outstanding development in connection with the processing of phos- 
phate rock to produce fused tricalcium phosphate is the recovery of fluorine. 

The recovery process according to a recent article by Hignett and SiegaP^ 
consists of removing dust from the stack gases and absorbing fluorine as 
HF in a bed of lump limestone at temperatures above the dew point of the 
stack gases. Studies indicated that a temperature range of 200 to 900°F 
(93 to 482®C) was satisfactory for fluorine absorption. Portions of the 
limestone are removed from the tower at intervals and the fines, which 
contain from 80 to 95 per cent CaF 2 are screened out. The oversize lumps, 
which are partially reacted, are returned to the tower with additional fresh 
limestone. ‘Fluorine recovery in the pilot plant, using a 4-foot bed of lime- 
stone, was as high as 96 per cent for extended periods.'^ It was calculated 
that practically complete recovery can be made by increasing the depth of 
limestone in the tower to about nine feet. Recovery is largely governed by 
the rate of removal of the reaction product. No corrosion problems were 
expenenced in 25 weeks operation of the pilot plant, the absorption tower 
of which was constructed of steel. The process and equipment are relatively 
simple, and there are no operating variables requiring close control. Lime 
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stone of a suitable size can be purchased at $1.00 to $2.00 per ton at the 
quarry^^. A large-scale unit near Columbia, Tennessee, is in operation and 
is satisfactorily recovering fluorine from the furnace gases as calcium 
fluoride of a commercial grade. 
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Figure 7. Pilot-plant tower for absorption of fluorine in lump limestone. [T. P. 
Hignett and M. R. Siegel, Tennessee Valley Authority, Ind. Eng, Ckem,, 41, 2494 
(1949).] 

Production of Depluorinated Phosphatf 'Rock in Rotary Kilns 


After extensive experimental work it was found that substantially com- 
plete defluorination could be accomplished without fusion by addition to 
the .phosphate rock of a proportion of silica greatly in excess of that nor- 
mally contained in the rock. In general, the calcining charge should contain 
in excess of 35 per cent silica, and in the case of rock used at Coronet the 
proportion of silica should approximate 45 per cent. The process was first 
carried out by the Coronet Phosphate Co. in the laboratory by subjecting 
the charge to intimate contact with water vapor at a temperature in excess 
of 2600°F (1427°C) . It was developed in successive steps from the laboratory 
to a 20" x 8' pilot kiln and finally to a 8' x 140' rotary kiln®®. Operations 
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on a production basis were first conducted in a cement plant of the Valley 
Forge Cement Company at West Conshohocken, Pennsylvania. A plant 
was later constructed by the Coronet Phosphate Company near their 
mines at Plant City, Florida, where defluorinated phosphate is now being 
produced on a commercial scale. 

The raw material used is a mixture of ground phosphate and ground sand 
(flotation tailings or flotation heads) blended to give the desired ratio of 
phosphate and silica®^ 

The flow sheet of the plant is shown in Figure 8. Phosphate concentrates 
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Figure 8. Flow sheet of defluorinating plant. [W. T. Whitney & C. A. Hollings- 
worth, CAew., 41 , 1325 (1949).] 


and tailings (or flotation heads) are hauled from the mines in hopper- 
bottom cars and dumped* in separate piles on the raw material storage 
in craneway. The concentrates analyze about 34 to 35 per cent P2O5 and 
the tailings about 90 per cent Si02. Phosphate and sand are usually ground 
separately. The raw material is picked up from storage by a P & H (Har- 
nischfeger Corporation, Milwaukee, Wisconsin) electric overhead crane 
having a bucket capacity of 2.125 yards and dumped into a 75-ton feed 
hopper. It is then fed by a table feeder to a 7 x 35 foot Traylor tube mill. 
Water is added to the feed to form a slurry containing from 35 to 45 per 
cent water. The material is ground to about 85 per cent through a 200- 
mesh screen. 

The slurry from the mill is discharged into a tube and pumped by a 
centrifugal pump to one of the Dorr slurry mixers. There are seven of these 
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mixers, 20 feet Mgh and 15 feet in diameter. Two are usually used for 
phosphate, two for sand, two for blending, and one for the kiln feed. 
They are equipped wth mechanisms consisting of revolving arms driven by 
motors and aerating pipes through which compressed air is forced for 
continuous agitation. ^ 

The raw materials are blended and fed to the kiln in the form of a slurry 
contains from 42 to 45 per cent silica on the dry basis, and 40 to 45 per 
cent water according to the nature of the material being treated. The 
slurry is pumped from feed tank to ferris wheel feeders which discharge 



Figuee 9. Production of defluorinated phosphate rock near Plant City, Florida. 


into the kilns. The overflow from the feeder is returned to the kiln feed 
tank. The feeder is driven by a variable speed motor and speed reducer. 
The rate of feed is controlled at the firing end of the kiln. 

Two kilns 6 feet 6 inches in diameter and 135 feet long are now in opera- 
tion. They are driven by 25-h-p variable speed, direct current motors 
with a variation in speed from 66 to 108 seconds per revolution. Firing 
is by specially designed oil burners using Bunker C oil with steam for 
atomization. About 60 poundi^of oil pressure, 55 to 60 pounds of steam, and 
an oil temperature of 175°F (79®C) are normally used. The load is quenched 
just before being discharged from the kiln by jets of water. This produces 
the excess of water vapor necessary for effective defluorination. The rapid 
cooling of the clinker prevents aZp/wi tricalcium phosphate formed at de- 
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fluorinating temperatures from reverting to the beta ioim with its lower 
availability. 

The temperature of the load in the burning zone is 2700 to 2900°F 
(1482 to 1593 °C). The increase of temperature of the load is gradual and is 
controlled by regulation of flame and speed of kiln. The burning zone is 
approximately 30 feet in length and the load remains in this zone from 
20 to 30 minutes. The temperature at the feed end varies between 1000 
and 1400°F (538 and 760°C), according to the rate of feed, the content of 
water, and other operating conditions. Temperature readings and record- 
ings are taken on the load at the firing end of the kiln by means of an optical 
pyrometer and a Leeds & Northrup Rayotube connected with an indicator 
and a recording chart placed on the firing floor. 

The refractory lining of the kilns consists of 80 feet of 6-inch 70 per cent 
alumina brick in the hot end. The balance of the kiln is lined with 6-inch 
super duty brick, including the nose ring block and 4 feet next to the 
discharge end. There is, no apparent reaction of the volatilized fluorine 
compound with the refractory lining of the kilns or stacks. 

The clinker discharged from the kilns is conveyed to storage and then 
transferred to a 65-ton feed hopper, from which it is fed to a Bradley 
Hercules roller mill by a table feeder and ground to a fineness of approxi- 
mately 60 per cent through 200-mesh. The product is then bagged and 
loaded into cars for shipment. 

Laboratory control is necessary from the grinding of the raw materials 
to bagging the finished product. Adjustment of the burning operation is 
cojitrolled by the fluorine content of the clinker. 

The product as discharged from the kilns is in the form of nodules of a 
grayish green color closely resembling cement clinker. Nodules vary in size 
from to I inch in diameter. The ground material is free flowing, non- 
hygroscopic, non-acid, and insoluble in water. 

The following are typical analyses of Coronet defluorinated phosphate: 
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Examination of Product 

At present the solubility in 0.4 per cent of hydrochloric acid is used to 
evaluate available phosphorus for feeding purposes. The official ammonium 
citrate method is the standard for estimating available phosphorus for 
plant food. The Wagner method with 2 per cent citric acid is also used. 
The proportion of available phosphorus in relation to the amount of 
fluorine removed shows a rather flat curve until the greater part of the 
fluorine has been eliminated, after which the curve rises sharply. There- 
fore, the fluorine content is an indication of the phosphorus availability 
of the product for either animal or plant consumption. 

The original form of the silica is quartz, which at the temperatures used 
in this process is almost entirely converted to cristobalite, a form of silica 
which melts at temperatures in excess of 3000°F (1649®C)®h 
Examination of the structure of the material by microscopic and x-ray 
diffraction methods identifies the phosphate constituent as alpha trical- 
cium phosphate. It is characterized by relatively large amounts of cris- 
tobalite and small amounts of -glass. 

The material, being substantially free from fluorine, is a non-toxic source 
of calcium and phosphorus for stock and poultry feeds. Nutrition experi- 
ments have demonstrated that the phosphorus and calcium in the product 
are readily utilized and compare favorably with pure alpha tricalcium 
phosphate and bone meaP. 

Plant growth experiments conducted by the Bureau of Plant Industry, 
U. S. Department of Agriculture, show that under certain conditions de- 
fluorinated phosphate rock has the same plant food value as superphosphate 
per unit of phosphorus pentoxideh 

Methods for fluorine recovery are being studied. For the time being, 
flue gases containing fluorine are neutralized by blowing pulverized lime- 
stone into the bases of the stacks®h Plans have been made and changes are 
being instituted to improve both the process and the product. 
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21. Calcium and Potassium Meta- 
phosphates and Miscellaneous 
Products 

Wm. H. Waggaman 

Senior Mineral Technologist, Bureau of Mines, U. S, Dept of Interior 

The two compounds of metaphosphoric acid that offer the greatest 
promise from an agricultural standpoint are calcium and potassium meta- 
phosphates. The chief advantage that these products possess over super- 
phosphate, basic slag and certain other phosphatic fertilizers is their high 
content of plant food which renders them economical to handle, ship and 
distribute. 

Metaphosphates can be readily produced by any one of the three methods 
illustrated by the following typical reactions: 

(1) Dehydration of monobasic orthophosphates at moderate tempera- 
tures, 

CaH4(P04)2-H20 Ca(P03)2 + 3H2O 

(2) Addition of phosphorus pentoxide to tribasic or dibasic orthophos- 
phates at elevated temperatures. 

Ca3(P04)2 2 P 2 O 5 — > 3Ca(PG3)2 

(3) Decomposition of chlorides with phosphoric acid and volatilization 
of the resultant HCl and water at elevated temperatures. 

KCl + H3PO4 KPO3 + HCl 4 - H2O 

The first method may be carried out at relatively low temperatures 
(275 to 300 °C). Methods 2 and 3, however, involve temperatures ranging 
from 800 to 1200®C and the production of fused products. ^ 

Although virtually insoluble in water, the high solubility of calcium and 
potassium metaphosphates in neutral ammonium citrate solution and 
several other solvents is considered a strong indication of their agricultural 
availability. Moreover, in field and pot experiments where these products 
have been applied on certain t3rpes of soils, substantial increases in crop 
yields have been obtained. 
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Calcium Metaphosphate 

Whereas, the idea of producing calcium metaphosphate by the action 
of P 2 OS on phosphate rock was covered by a patent issued to Pristoupil 
in Germany in 1930 and by two U. S. Patents issued to the same inventor®^ 
in 1930, little attention was paid to this invention until 1935 when the 
Tennessee Valley Authority independently discovered the fundamental 
principles involved and recognized the potentialities of such a product^^- 

In order to protect the interests of the American people and permit the 
further development of this process, the patents were purchased from the 
original inventor and intensive investigations conducted to determine the 
most practicable type of equipment to use and the optimimi conditions re- 
quired for the manufacture of this product. 

The temperature best adapted for this reaction ranges from 1000 to 
1200°C or several hundred degrees less than that required to fuse phosphate 
rock. The resultant product is tapped from the furnace as a syrupy liquid 
which hardens on cooling to a glass-like slag. 

The ratio of P2O5 to GaO in calcium metaphosphate is 3 to 1 as against 
only 1 to 1 in phosphate rock. Since it contains neither water of crystalli- 
zation nor constitution it has a higher percentage of phosphorus than any 
other phosphate fertilizer. The concentration of pure calcium metaphos- 
phate in terms of P 2 O 6 is 71.7 per cent but the commercial grades seldom 
contain more than 64 per cent due to the impurities in the phosphate rock 
used in its manufacture. The presence of such impurities as silica, iron 
and alumina render the composition of the final product somewhat com- 
plex^®; high percentages of iron and alumina are undesirable but their 
deleterious effect on the solubility of the product is usually counteracted 
by the silica present. 

Although calcium metaphosphate is not water-soluble, it may be regarded 
as derived from readily soluble monocalcium phosphate which has been 
completely dehydrated. Under favorable conditions it will take up water 
and form monocalcium phosphate. Frear et al}^ found that autoclaving 
this compound at 180°C with a small amount of water converted it into 
monocalcium phosphate and that the metaphosphate also gradually dis- 
solved in rain water. Ordinarily this conversion to a water-soluble form is a 
slow process and as a result the agricultural value of calcium metaphosphate 
is based on its solubility in a neutral solution of ammonium citrate. 

Manufacture of Calcium Metaphosphate 

The manufacture of calcium metaphosphate on a commercial scale is 
dependent upon P 2 O 5 derived from the combustion of phosphorus and is 
only practicable where the thermal reduction method for the production of 
this element is employed. One of the main advantages of the metaphosphate 
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process lies in the fact that the P2O5 derived from the combustion of phos- 
phorus is made to react directly on mineral phosphates instead of being 
first converted into phosphoric acid and this acid subsequently used to de- 
compose phosphate rock. It is obvious therefore that at least one processing 
step can thus be eliminated^^' 

Theoretically the manufacture of calcium metaphosphate is relatively 
simple, but in adapting this process to commercial practice, certain physical 
and chemical problems developed which have not yet been entirely solved, 
and further investigations are required to effect the maximum economies 
and establish the conditions under which this product is most effective as 
a fertilizer material. ^ 

So far, two modifications of the calcium metaphosphate process have 
been tried on a small commercial scale by the TVA. The first modification 
consists in burning elemental phosphorus in a combustion chamber which 
leads into the base of a shaft furnace containing lump or nodular phos- 
phate rock. In starting up the plant the furnace is heated by an oil flame 
until a temperature of 100 0°C is reached. The phosphorus burner is then 
turned on and the heat of combustion of this element is more than suf- 
ficient to carry on the desired reactions without auxiliary fuel. The hot 
P2O5 in passing tlirough the column of stock reacts with the phosphate 
rock to produce calcium metaphosphate which melts and flows down the 
shaft where it is collected in a pool provided for the purpose. The impurities 
in the phosphate rock dissolve in or combine with the metaphosphate 
which is periodically tapped off as a molten slag. The product may be 
quenched with water or air-cooled, crushed, finely ground and sacked. As 
the stock in the shaft melts, further quantities of phosphate rock are added 
through a suitable feeding device near the top of the furnace. The residual 
gases substantially free from P 2 O 6 are. discharged from the furnace and may 
be passed through scrubbing equipment to remove or collect the fluorine 
products. 

Maintenance of the proper temperature in the furnace is highly important 
in order to render this process continuous and insure complete absorption 
of the P2O5. Whereas hot P 2 O 6 will combine readily with phosphate rock, 
it is necessary that the temperature of the furnace be sufficiently high to 
melt the coating of calcium metaphosphate formed on the rock and thus 
expose fresh surfaces of the latter to the action of the hot gases^’’. It is also 
necessary to provide means for preventing the phosphate rock in the 
furnace shaft from falling into the molten pool of calcium metaphosphate, 
thus diluting the product with material that has not been acted upon. 

Several schemes have been devised to overcome this difficulty but the 
most practicable arrangement appears to be a grate or refractory platform 
a short distance below the mouth of the furnace shaft which will support 
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the column of stock, yet permit the passage of the combustion nrn,t * 
through the furnace shaft. The various stages in the development of tWs 
type of urnace as described by Curtis alP are shown in Se 1 ® 

One of the mam problems encountered in the mannfocfiirA i • 
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By externally cooling the furnace shell the life of the refractorv linin„ 
can be greatly prolonged since an equilibrium is established wliie^ — 

.aine . eertdn thi.tns* „ fnrnnce even aiXSlgtt™' 


CALCIUM AND POTASSIUM METAPEOSPHATES 


411 


in the product should be held as near unity as possible. When the propor- 
tion of P 2 O 6 is increased much beyond this point, the product is hygroscopic 
and tends to cake when finely ground and exposed to a humid atmosphere. 
This hygroscopicity however can be largely overcome by the addition of 
finely ground limestone^®’ 

Composition 

A typical analysis of calcium metaphosphate prepared from Tennessee 
brown rock phosphate according to the process just described is as follows: 


Silica (SiOa) 4.3 

Lime (CaO) 24.5 

Phosphoric acid (P2O 5) 64.6 

Iron and alumina (Fe203, ALOs) 3.7 

Fluorine (F) 0.2 


A modified plant for the manufacture of calcium metaphosphate was 
designed by TVA with a view to obviating the necessity of providing a 
supporting column for the furnace stock. In this plant finely ground phos- 
phate rock was sprayed into the phosphorus combustion chamber and any 
excess of P2O5 that failed to combine therewith was absorbed by phosphoric 
acid that percolated down through a column of lump coke contained in a 
shaft surmounting the combustion chamber. The coke in this shaft was 
supported by a water-cooled grate protected from direct contact with the 
products of combustion. 

On account of the comparatively lightweight of this coke column and 
the cooling action of the percolating phosphoric acid, the strain on the 
supporting grate was much less than where the shaft was packed with 
heavy lumps of phosphate rock and higher temperatures were attained at 
the mouth of the furnace shaft. 

Other problems, however, developed when using this t3rpe of furnace - 
such as difficulty in keeping the finely ground unreacted rock from blowing 
up through the column of coke, and maintaining the proper balance be- 
tween the reacting materials necessary for manufacturing a uniform prod- 
uct. This furnace was altered a number of times but did not prove very 
satisfactory and eventually was converted into a phosphoric acid plant. 

Potassium Metaphosphate 

From the standpoint of concentration and the attendent economies in 
handling, shipping and distribution, potassium metaphosphate offers more 
attractive possibilities than any other fertilizer material. This compound 
when pure contains the equivalent of 39.87 per cent K 2 O and 60T3 per 
cent of P 2 O 6 and is the only product known composed of 100 per cent of 
plant-food ingredients. 
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So far this product has not been manufactured on a commercial scale 
but laboratory and semi-works experiments indicate that it may well play 
a highly important role in future fertilizer practice. 

Potassium metaphosphate may be prepared in a number of ways but the 
most practical and promising method appears to be that based on the de- 
composition of potassium chloride with orthophosphoric acid at elevated 
temperatures and thus driving off both water and hydrochloric acid as. 
shown below in equation (3). 

A- large proportion of the potash salts produced in this country and abroad 
is in the form of chloride and hence this compound is the logical raw material 
to use in the manufacture of potassium metaphosphate. Moreover, the 
hydrochloric acid which may be recovered as a by-product can be utilized 
in manufacturing other industrial products. 

Ross®^ studied the reactions between phosphoric acid and potassium 
chloride up to temperatures of 250®C and Hazen and Ross^®- ^ obtained 
patents on the process which they developed. These inventors, however, 
used an excess of phosphoric acid to insure complete volatilization of the 
hydrochloric acid and avoided the formation of potassium metaphosphate 
by keeping the temperature of the reaction relatively low. The excess of 
phosphoric acid in the product was later neutralized with ammonia in order 
to obtain a compound containing the three fertilizer elements (N, P 2 O 6 
and K 2 O) as described in Chapter 18. Some years later, however, Urbain®’ 
was issued a patent covering the manufacture of potassium metaphosphate 
by heating a mixture of KCl and H3PO4 to dull redness. 

Manufacture of Potassium Metaphosphate 

Madorsky and Clark^® studied the formation of potassium metaphos- 
phate produced by the reaction between phosphoric acid and potassium 
chloride over a temperature range of 300 to 900°C and have investigated 
the properties of the resultant products. The sequence of the main reactions 
involved may be briefly described as follows: 

When molecular proportions of potassium chloride and phosphoric acid 
are mixed and heated, both water and hydrochloric acid are evolved. The 
loss of water results first from the concentration of the orthophosphoric 
acid, second from the conversion of phosphoric acid into pyrophosphoric 
acid and finally, from the dehydration of pyrophosphoric acid and its 
conversion into metaphosphoric acid. Monopotassium phosphate, potas- 
sium acid pyrophosphate and potassium metaphosphate are produced suc- 
cessively as shown in the following equations: 


2 KC 1 -h 2H3PO4 2KH2PO4 + 2 HG 1 
2KH2PO4 + heat K2H2P2O7 + HsO 
KsEgFaCr + heat 2KPO3 + H2O 


( 1 ) 

(2) 

(3) 
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The final traces of HCl probably are not driven off until the potash 
has been completely converted into metaphosphate. 

If an excess of potassium chloride is used in this process the product 
contains appreciable quantities of normal potassium pyrophosphate as in- 
dicated in the following equation: 

4 KC 1 -f 2H3PO4 -> K4P2O7 + 4 HC 1 + H2O 

In most cases Madorsky and Clark-® used equi-molecular proportions 
of phosphoric acid and potassium chloride to insure the maximum propor- 
tion of metaphosphate in the product. The composition of the reaction 
products obtained by these investigators at various temperatures is given 
in part in Table 1. 

Potassium metaphosphate prepared in this way at temperatures ranging 
from 700 to 900°C is virtually insoluble in water, but its P 2 O 5 content is 
soluble in boiling ammonium oxalate solutions when tested according to 
official methods for fertilizer materials^ 

The melting point of pure potassium metaphosphate is approximately 
807°C or 170 degrees lower than that of calcium metaphosphate. The 
product should therefore have a somewhat less scorifying action on furnace 
refractories at this lower temperature. Unlike calcium metaphosphate, 
which forms a glassy product, fused potassium metaphosphate when cooled 
has a definite crystalline structure. 

In addition to the process described above, the Tennessee Valley Author- 
ity has produced potassium metaphosphate on a pilot-plant scale by two 
modifications of their method for manufacturing calcium metaphosphate^®. 

In the first series of experiments it was attempted to take advantage 
of the low-melting point of potassium chloride by fusing the salt in an 
electric furnace and permitting it to flow down a shaft furnace (packed with 
refractory material), countercurrent to an upward stream of gas containing 
P2O5 derived from the burning of phosphorus with moist air in an auxiliary 
combustion chamber. This method, however, entailed a number of me- 
chanical and chemical difficulties such as the solidification of the potassium 
chloride as it flowed into the upper part of the furnace and the incomplete 
reaction between the P 2 O 6 and the potash salt. To overcome these objec- 
tions the upper part of the furnace was then operated at a temperature 
considerably above the melting point of potassium chloride. Under such 
conditions however substantial proportions of both potash and phosphoric 
anhydride were volatilized and carried out of the furnace along with the 
hydrochloric acid, and the corrosive nature of the products at these higher 
temperatures vigorously attacked the refractory packing of the tower. 
Only zircon withstood the scorifying action of these products. 

In the second series of experiments potassium chloride was finely ground 
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Equivalent Analysis of Composite Product 

% 

u 

Moles 

0.225 

0.133 

0.122 

0.099 

0.088 

0.135 

0.058 

0.071 

0.009 

0.008 

0.002 

0.034 

0.071 

0.005 

% 

Weight per cent 

8.21 

4.46 

2.66 

2.07 

2.02 

1.19 

1.23 

1.77 

0.783 

0.188 

0.135 

0.163 

0.148 

0.143 

§ 

7,10 

5.18 

2,28 

1.75 

1.23 

0.97 

0.76 

1.79 

0.353 

0.349 

0.105 

0.460 

0.040 

0.498 

o 

6.04 
3.65 
3.47 
2.86 
2.55 
3.79 
4.37 

2.05 
0.277 
0.241 
0.635 
1.00 
2.02 
0.162 

$ 

53.65 

65.02 

56.90 

57.68 
58.18 
66.33 
55.44 
57.95 
60.37 
59.82 
59,21 
58.17 
56.88 

59.69 

9 

34.57 

36.97 

38.13 

38.36 

38.62 

39.77 

40.42 

38.67 

39.06 

39.64 

40.19 

40.60 

41.52 

39.69 

Observed Analysis of Product 

Total 

Weight per cent 

100.85 

99.10 

100.03 

100.49 

100.89 

100,05 

100.28 

100.02 

100.61 

99.88 

99.96 

99.70 

100.15 

99.61 

Soluble fraction 

t 

1 

j 

2' 

O5(N-THCOCS|r-ie-cD«^SSScO00 

01t>;OC0I>-C^C»001>.«0C005U:5i-Hi 

^ M t-.* i> w csi ci CO o’ o o r-( o 

ro*d 

coi>i-tOo8^^o§Ot^»0^^epS 

coooc<jroco<»eoi5coeooosoco 

O?j>r-*1P-»OOOOOOOOT-40 

rH 

L 

2 

o oJ ® « w «■ b: «■ o o o o o 

U 

6.04 
3.65 
3.47 
2.86 
2,55 
3.79 
4.37 

2.05 
0.277 
0.241 
0.635 
1.00 
2.02 
0.162 

& 

28.61 

15.61 

8.62 

6.98 

6.29 

6.77 

6.98 

6.73 

3.62 

0.879 

1.13 

2.66 

4.51 

0.701 

k 

«*> 

0.276 

0.146 

0.075 

0.078 

0.082 

0.023 

0.032 

0.073 

0.040 

0.007 

0.004 

0.010 

0.017 

0,002 

k 

T> 

(3 

rsi 

?ococoi-iooa>eO'^»Q05T-iooQo 

eOCSJ(NOOl^lOCO^(NQrHQQ*H 

CSI rH o o o o o o o o o o o 
o o o o o o o o' o’ o’ o* o’ o’ o* 

k 

CO*-<COU3QQQ*^ 

iSsfesassssiiss 

o o o o o o o o o* o o o o' O* 

Insol. 

‘a 

0.274 

45.58 

69.59 
75.11 
77.84 
79.27 
80.29 
76.65 
87.03 
96.75 
97.39 
93.81 
90.51 
97.44 

Reaction Mixt, 

Volatili- 

sation 

loss 

ll 

ll. 

28.43 
32.30 

34.44 

35.23 
35.99 
36.01 
35,46 
35.60 
36,75 
37.97 
37.78 

37.24 
37.05 
37.94 

Initial 

ratio, 

KCl/ 

HrPOi 

Moles 

1.00 

1.00 

1.00 

1.00 

1.00 

1.05 

1.10 
1.00 
1,00 
IM 
1.02 
1.05 

1.10 
l.CK) 

agU 

300 

350 

400 

500 

500<* 

500 

500 

600 

700 

800 

800 

800 

m 

900 


* Reaction mixtures gradually heated to and maintained at maximum temperature for 1 hour. 
^ By difference. 

Equivalent to 1st, 2nd, and 3rd hydrogens. 

** Maintained at 600° C. for 2.5 hours. 



CALCIUM AND POTASSIUM METAPHOSPEATES 


415 


(98 per cent —14 mesh) and blown into a reaction chamber adjacent to 
the phosphorus combustion chamber maintained at a temperature of 1000 
to 1050°C, the P2O5 and K2O being introduced in the proper proportions 
to form potassium metaphosphate. The shaft surmounting the reaction 
chamber was packed with coke down which water and recycled phosphoric 
acid percolated. The coke column was supported by a water-cooled grate 
which stood up fairly well due to the lower temperatures involved. Any 
P2O5 that did not combine with the fine spray of potash salts was absorbed 
by the water and phosphoric acid that percolated over the coke packing. 

The gases left the packed tower at 100°C and passed to a cooler where 
their temperature was reduced to 70 to 80^0 before entering the hydro- 
chloric acid recovery system. The phosphoric acid recovered from the cooler 
was recycled to the packed tower. The molten product (potassium meta- 
phosphate) collected in the bottom of the combustion chamber and was 
tapped every 2 hours into a water-cooled pan where it was allowed to 
solidify. 

Table 2. Opeeating Data (78-Hour Test) for the Potassium Mbtaphosphate 


Pilot Plant 

Phosphorus (99.2% P4) burned, tons/day 1.27 

Potassium chloride (61.3% K2O) charged, tons/day 2.64 

Potassium metaphosphate (58% P2O5; 35% K2O; 1.8% Cl) pro- 4.31 
duced, tons/day 

Recovery of phosphorus as potassium metaphosphate (%) 87.00 

Recovery of potassium as potassium metaphosphate (%) 93 .00 

Volatilization of chlorine as HCl (%) 94.00 


Operating Data 

The operating data and results obtained in a 78-hour run during which 
14 tons of potassium metaphosphate were produced are given in Table 2. 

According to Curtis^^ these preliminary experiments have shown con- ; 
siderable promise, but the process was not developed to a point where it | 
has been adapted to commercial practice. } 

Miscellaneous Available Phosphates ■ 

Various other processes have been proposed for rendering phosphate ! 
rock available, but few, if any have been developed on a commercial scale. 

Some of those that have attracted attention are based on the gradual 
solubilizing of phosphate in the soil either by direct or indirect action of 
bacteria. 

Bacterized, Sulfur-Bearing Phosphates 

The fact that bacteria might increase the solubility of the P2O6 in bone 
meal was suggested by Stoklasa et al.^ in 1990. Koch and Krober^® also 
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foimd that a number of relatively insoluble phosphates were rendered 
soluble by the acids formed by sewage and soil bacteria. A number of 
other investigators, notably Sackett and his co-workers^® and Bassalik®, 
also reported that certain types of soil bacteria exert a solvent action upon 
mineral phosphates. Later Hopkins and Whiting^^ corroborated the re- 
sults obtained by Bassalik, showing that the nitrous acid formed by nitrite 
bacteria rendered finely ground phosphate rock available. 

The process of Coates® (who has a number of patents supplementary 
to that for bacterized phosphate®) consists in adding rock and breaking 
down bacteria to mineral phosphates which have been sterilized by heat 
treatment. It is claimed the bacteria continue to act upon the phosphate 
rock, rendering the phosphoric acid contained therein available to crops. 

The mixing of sulfur with phosphate rock to render the latter available 
was proposed and patented by Chisolm® in 1905 and 1906. While little was 
said at that time regarding the oxidation of sulfur and the secondary 
effect thus produced upon the mineral phosphates, the formation of sulfuric 
acid in the soil by oxidation of sulfur was noticed as far back as 1869. 

In 1915 Chisolm® took out another patent in which he claimed that 
soluble phosphate was obtained by intimately mixing and grinding together 
sulfur and phosphate rock and then introducing sufficient moisture to 
promote the formation of sulfuric acid. 

Lipman^s first patent®® covers the mixing of sulfur and phosphate rock 
with soil, well rotted stable manure or other material carrying micro- 
organisms which tend to oxidize the sulfur present. In his two subsequent 
patents®^ he claimed the production of a phosphate fertilizer by mixing 
phosphate rock, sulfur and sulfofying bacteria. 

Experiments reported by Lipman, McLean and Lint®® have shown that 
by composting phosphate rock and sulfur with sand or soil containing 
sulfofyng bacteria, distinct increases in the solubility of the phosphoric 
acid are obtained largely because of the conversion of the sulfur into sulfuric 
acid and the action of this acid upon the phosphate mineral. Lipman does 
not claim to get water-soluble phosphate acid by this method, but citrate 
soluble, or so-called available P 2 O 6 . 

Where phosphate rock (15 parts and sulfur 5 parts) was composted with 
a relatively large quantity of soil (100 parts), Lipman and Joffe®® found over 
82 per cent of the P 2 O 6 was converted into a citrate-soluble form in about 
20 weeks. But in the experiments of Ellett and Harris^® where amounts 
of soil and phosphate rock were more nearly equal (but the ratio of sulfur- 
to-rock was the same as in Lipman’s experiments) approximately 19 per 
cent of the P 2 O 6 present was rendered citrate soluble even after the compost 
heap had stood for 2 years. 

A number of pot and field experiments®^’ ®® have been conducted with 



CALCIUM AND POTASSIUM MBTAPEOSPEATES 


417 


phosphate-sulfur composts and favorable results reported. If such a treat- 
ment should prove effective in rendering phosphates available it would 
have certain advantages over the sulfuric acid process in that low-grade 
phosphates unfit for the manufacture of superphosphate could be readily 
employed. Another advantage claimed is that the P 2 O 6 contained therein 
is rendered available at a rather slow but constant rate, corresponding in a 
measure to the rate which crops absorb this plant food from the soil under 
optimum conditions. 

Other patents for rendering phosphate rock available by means of sulfur 
are based on effecting more intimate contact between the rock particles 
and this element, Bodrero^, for instance, proposes to sublime the sulfur 
into a mass of finely divided phosphate while the latter is being continually 
agitated in a rotating drum, claiming that the sulfur coating on the rock 
particles is more readily attacked by microorganisms. 

Claiborne and Peterson^ proposed the manufacture of porous pellets 
either by spraying from 30 to 40 per cent of liquid sulfur on finely ground 
phosphate rock or mixing the two materials in these proportions and sub- 
sequently forming pellets that pass a 20-mesh screen. The inventors state 
that if the phosphate is heated to 100°C or higher before the molten sulfur 
is added some of the phosphate will be rendered immediately available. 

Gilbert^^ later filed what is purported to be an improvement over the 
Claiborne-Peterson patent. This comprised adding to the molten sulfur 
an amount of sulfuric, phosphoric or nitric acid sufficient to dissolve therein, 
mixing the slightly acidified sulfur with finely ground phosphate rock and 
forming pellets from this mixture. 

None of the sulphur-phosphate mixtures are being produced in commer- 
cial quantities for fertilizer purposes at the present time. 

Colloidal and Peptized Phosphate 

So-called colloidal or peptized phosphatic fertilizers and processes for 
producing them have been proposed from time to time. Plauson^^^, for in- 
stance, patented a method which consisted in grinding phosphate rock 
intensively in a large quantity of water containing a very small amount 
of an inorganic acid or an alkali. After standing from If to 2 hours the 
dilute solution is drawn off, the settled product dried, disintegrated and 
used for fertilizer purposes. The inventor claims that by conducting the 
process at elevated temperatures (90 to 95®C) conversion of the rock into 
a colloidal-like product is facilitated. 

DeHaen^® advocates the grinding of phosphate rock to a medium degree 
of fineness with a solution of the putrifaotion or decomposition products of 
vegetable fibers such as salts of lignin-acids or spent liquors from the manu- 
facture of paper pulp. These, he claims, act as peptizing agents and cause 
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the colloidal dispersion of the phosphate. The slimes are separated from 
the coarser material and used for fertilizer purposes. 

A series of patents have been issued to Bancroft et aU covering phos- 
phatic fertilizers obtained by adding certain amines to finely ground phos- 
phate rock in amounts ranging from 1 to 10 per cent of the weight of the 
rock. These investigators state that insoluble P 2 OS of the rock is thus 
released to crops, producing yields considerably in excess of those obtained 
when inorganic nitrates, ammonium sulfate and other common nitrogen 
carriers are used. Whereas the inventors do not claim a direct chemical 
reaction between the phosphate rock and the amines, they say the latter 
compounds cause a colloidal dispersion of the finely ground phosphatic 
material, and these so-called peptized particles supply the soil solution at 
a rate that has a marked effect on plant growth. The alleged advantage 
of this type of product is that it retains its availability after application 
under varying weather and soil conditions. 

Phosphate fertilizers of this nature however cannot be evaluated by 
laboratory methods and their effectiveness must be demonstrated by 
carefully conducted field and greenhouse experiments before they are 
generally accepted. 
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22. Complete Fertilizers and Their 
Preparation 

Wm. H. Waggaman 

Senior Mineral Technologist, Bureau of Mines, U. S. Dept, of Interior 

Introduction 

The preparation of modern complete fertilizers imposes a number of 
problems to which little attention was given in the early days of the fer- 
tilizer industry. These problems are as follows : 

(1) Physical and chemical nature of the various fertilizer ingredients 
employed. 

(2) Chemical reactions involved when the various materials are mixed. 

(3) Chemical and physical nature of the blend or mixture. 

(4) Means for preventing caking and segregation of the various materials 
in the final product. 

Before development of the concentrated fertilizer materials, the com- 
plete products on the market were of relatively low grade, many containing 
only 12 per cent of the plant-food ingredients N, P2O5 and K2O. These 
mixed goods contained many low-analysis raw materials such as low-grade 
superphosphate (14 per cent P2O5), unrefined potash salts and organic 
by-products (cottonseed meal, fish scrap, and animal and garbage tankage). 
Probably ammonium sulfate (20 per cent N) and potassium chloride (63 
per cent K2O) were the most highly concentrated fertilizer mateiaals 
generally available for a long period of time. 

Large tonnages of sand and low-grade organics were used as fillers or 
conditioner in making up definite fertilizer formulas to prevent the final 
product from caking or setting and thus preventing its ready distribution 
in the field. 

The undesirable chemical changes recognized by the manufacturer of 
mixed goods 30 or 40 years ago, and which he endeavored to avoid, were 
reactions that caused the reversion of P2O6 to an insoluble form and those 
that resulted in the l(m of valuable nitrogen products through volatili- 
zation. It was known, for instance, that the addition of basic materials 
such as lime or limestone reduced the solubility of the P 265 in superphos- 
phate and caused loss of ammonia from ammonium sulfate. It was also 
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recognized that the addition of excessive quantities of nitrate of soda to 
mixtures containing superphosphate caused the evolution of valuable 
oxides of nitrogen and accelerated rotting of the fertilizer bags. Maintenance 
of the physical conditions of the finished goods however was not a major 
problem in these low-grade fertilizers because of the large percentage of 
organic or neutral filler which they contained. 

Multiplicily of Formulas 

In the early days of the fertilizer industry, and in fact up to 25 years 
ago, there was a tendency to produce a multiplicity of complete fertilizer 
mixtures. This was due in part to the keen competition in the fertilizer 
industry and the desire of the individual manufacturer to stress the virtues 
of his own particular brands. Unwarranted claims were made for blends 
of unusual composition made up from a wide variety of raw materials. 

Certain consumers in turn specified special mixtures containing definite 
proportions of nitrogen from ammonium salts, nitrates and organic sources. 
Others were guided in their purchase of fertilizer by its color, odor and the 
size of the bag carrying a definite weight of the product. 

Although the number of possible formulas (in terms of percentages of 
N, P 2 O 6 and K 2 O) was much less before the advent of concentrated fer- 
tilizer materials, many brands were offered which sometimes differed by 
fractions of a per cent of plant food. 

These intricate mixtures and multiplicity of formulas complicated the 
manufacture of mixed fertilizers, added to labor and processing costs and 
increased the price of the product to the ultimate consumer. 

Trend Towards Concentrated Fertilizers 

Within the past 25 years there has been an ever increasing trend toward 
the manufacture and use of concentrated complete fertilizers. This has 
been due to a number of fundamental factors: 

(1) The diversion of high priced and relatively low-grade organics 
(formerly employed in mixed fertilizers) to stock feeds wherein the 
nitrogen content in the form of protein is more efficiently utilized®. 

(2) The substantial rise in freight rates that have rendered transporta- 
tion of plant food in low-grade products over long distances in- 

(3) The increase in the cost of labor that has forced the farmer to em- 
ploy time-saving merchanized equipment and fertilizer products 
requiring a minimum of handling in their distribution. 

(4) Technological developments which have made the production of 
concentrates economically feasible and converted a somewhat pre- 
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carious fertilizer business into an industry based on sound chemical 
and engineering principles^. 

This evolution in fertilizer manufacture does not mean that certain raw 
materials, the effectiveness of which has been definitely established, are no 
longer employed, but these have been supplemented by and reinforced 
with chemical compounds having such high concentrations that it is pos- 



Figube 1. Manufactured phosphates containing only one fertilizer ingredient. 

sible to raise the grade of the final products considerably above that of 
fertilizers previously used. According to Jacob® and Scholl and Wallace^^ 
the average plant-food content of mixed fertilizers has risen from 12 per 
cent prior to 1900 to 22.5 per cent in 1949. 

Complete concentrated fertilizers containing all three of the main plant 
food constituents (K 2 O, P 2 O 6 , N) can be manufactured in the following 
three ways : 

(1) By mechanically mixing separately prepared materials each of which 
contains a single fertilizer ingredient. 
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(2) By blending materials containing one, two and three fertiliiser in- 
gredients. 

(3) By actually manufacturing a blended product in which each particle 
is substantially of the same composition. 

The development of so-called ammoniating solutions containing free 



FiOure 2. Manufactured phosphates containing two fertilizer ingredients. 

ammonia and various soluble nitrogenous salts has contributed much to 
the manufacture of high analysis complete fertilizers. 

The composition of manufactured phosphate products containing one, 
two and three fertilizer constituents that may be used in the preparation 
of complete fertilizers are shown in Figures 1, 2 and 3. 

In addition to these phosphate carriers, the following chemical com- 
pounds and salts, commonly used in fetilizer mixtures contain potash, 
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Phosphate 


Figure 3. Manufactured phosphates containing three fertilizer ingredients. 

nitrogen or both, but no phosphoric acid: 

Ammonium nitrate 
Ammonium sulfate 
Calcium nitrate 
Cyanamide 
Sodium nitrate 
^Urea 

Potassium chloride 
Potassium nitrate 
Potassium sulfate 

Breparatioii of Complete Goods from Simple Fertilizer Materials 

When each fertilizer material employed contains a single plant food 
ingredient the quantities required in making up a specified fertilizer formula 
can be readily determined by means of sitnple equations as follows: 

Let o, h and c represent the percentage of nitrogen (N), phosphoric 
acid (P2O6) and potash (K2O) respectively in the three fertilizer materials. 


Nitrogen carriers 


Potash carriers 
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Let Aj B and C represent the percentages of these fertilizer ingredients 
desired in the complete goods. 

Then the quantities (lbs) X, Y and Z of the three fertilizer materials 
required per ton of product are determined by substituting the known 
values in the following equations: 

Z = 2000 ~ 
a 

Y = mo~ 

0 

Z = 2000- 

C 

After obtaining the quantities of X, 7 and Z, the amount of filler (F) 
that must be added to make up a ton of the required formula is obtained 
from the equation: 

F - 2000 - [X A- Y + Z] 

As a concrete example, it is assumed that a complete fertilizer having 
the formula 4 per cent N, 10 per cent P 2 O 5 and 4 per cent K 2 O is to be 
manufactured from raw materials having the following composition: Am- 
monium sulfate (20 per cent N), superphosphate (20 per cent P 2 O 6 ) and 
potassium chloride (63 per-cent K 2 O). Substituting the known values in 
the equations given above we have: 

4 

X ~ 2000 =s 400 lbs of ammonium sulfate 

20 

Y = 2000 ~ ~ 1000 lbs superphosphate 
4 

Z = 2000 127 lbs potassium chloride 

63 » 

F * 2000 - (400 + 1000 + 127 *= 473 lbs filler 

Total = 2000 lbs complete fertilizer (4-10-4) 

It is obvious that the sum of X + Y Ar Z cannot exceed 2000 pounds, 
which would make P a minus quantity. Therefore it is impossible to make 
high analysis complete fertilizers where only low or medium grade raw 
materials are available. For instance, a product analyzing 6 per cent N, 
16 per cent P2O5 and 6 per cent K2O could not be manufactured from or- 
dinary superphosphate, ammonium sulfate and potassium chloride unless 
some concentrate such as triple superphosphate or ammonium phosphate 
were added. 
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Table 1 modified from one*prepared by Merz and Ross^*^ provides a 
convenient means of making up mixed fertilizers of definite formulas from 
various raw materials each of which contains a single plant food constituent. 


Table 1. Weights of Single Febtilizee Constituents Required' (per Ton op 
Product) For Fertilizer Formulas 


Per cent 








Per Cent Desired in 1 

Product 








Material 

i 

1 1 1 2 

3 

4 

5 

6 

7 

8 

9 

10 

n 

12 

13 

14 

IS 

16 

17 

18 

19 

20 

1 ■! 

1000 

2000 


1 


















2 

500 

1000 

2000 



















3 i 

333 

667 

1333 

2000 




j 














4* ; 

250 

500 

lOOO 

1500 

2000 

















5 

200 

400 

800 

1200 

1600 

2000 
















6 

167 

333 

667 

1000 

1333 

1667 

2000 















7 1 

143 

286 

571 

857i 

1143 

1429 

1714; 

2000 














8 

125 

250 

500 

750 

1000 

1250 

1500 

1750 

2000 













9 

111 

222 

444 

667 

889 

1111 

1333 

1556 

1778 

2000 












10 

100 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

2000 











11 

91i 

182 

364 

545; 

727 

909: 

1091 

1273 

1465 

1636 

1818 

2000^ 










12 

83 1 

167 

333 1 

SOOj 

667 

8331 

1000 

1167 

1333 

1500 

1667 

1833 1 

2000 









13 

77! 

154 

308: 

462 

615 

769 

923 

1077 

1231 

1385 

1538 

16921 

1846 

2000 








14 

71 

143 

286! 

429 

571 

714 

857 

1000 

1143 

1286 

1429 

1671 

1714| 

1856 

2000| 





1 


15 

87 

133 

287! 

400 

533 

667 

800! 

933 

1067 

1200 

1333 

1467 

1600 

1733 

1867 

2000 






16 

62 

125 

250 

375 

500 

625 

750 

875 

1000 

1125 

1250 

1375 

1500 

1625 

1750 

1875 

2000 





17 

59 

118 

235 

353 

471 

588 

706 i 

824 

941 

1059 

1176 

1294 

1412 

1529 

1647 

1765 

1882 

2000 




18 

i 55 

111 

222 

333 

444 

556 

667 

778 

889j 

1000 

nil 

1222 

1333 

1444 

1556 

1667 

1778 

1889 

2000 



19 

1 52 

105 

211 

316 

421 

526 

632 

737 

842, 

947 

1053 

1158 

1263 

1368 

1474 

1579 

1684 

1789 

1895 

2000 


20 

! 50 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

21 

47 

i 95 

190 

286 

381 

476 

571 

667 

762 

857 

952 

1048 

1143 

1238 

1333 

1429 

1524 

1619 

1714 

1810 

1905 

22 

45 

: 91 

182 

273 

364 

455 

545 

636 

: 727 

818 

909 

1000 

1091 

1182 

1273 

1364 

1455 

1545 

1638 

1727 

1818 

23 

43 

87 

174 

261 

348 

! 435 

521 

608 

895 

782 

869 

956 

1043 

1130 

1217 

1304 

1391 

1478 

1564 

1651 

1738 

24 

41 

83 

167 

250 

333 

: 417 

500 

583 

667 

760 

833 

917 

1000 

1083 

1167 

1250 

1333 

1417 

1500 

1583 

1667 

25 

40 

80 

160 

240 

320 

! 400 

480 

1 560 

640 

720 

800 

880 

960 

1040 

1120 

1200 

1280 

1360 

1440 

1520 

tl600 

26 

38 

77 

154 

231 

308 

385 

462 

638 

1 615 

692 

769 

846 

! 923 

1000 

1077 

1154 

1231 

1308 

1385 

1462 

1538 

27 

37 

74 

148 

222 

296 

370 

444 

519 

: 693 

690^ 

741 

815 

889 

963 

1037 

nil 

1185 

1259 

1333 

1407 

,1481 

28 

35 

71 

143 

214 

286 

357 

: 429 

500 

i 571 

643 

714 

786 

857 

929 

1000 

1071 

1143 

1214 

1286 

1357 

1429 

30 

33 

67 

133 

200 

267 

333 

400 

467 

533 

600 

667 

733 

800 

867 

933 

lOOO 

1067 

1133 

1200 

1267 

1333 

35 

29 

57 

114 

! 171 

229 

286 

343 

400 

457 

514 

571 

629 

: 686 

743 

800 

857 

914 

971 

1029 

1088 

1143 

40 

25 

SO 

100 

; 150 

200 

250 

300 

350 

400 

450 

500 

550 

600 

650 

700 

750 

800 

850 

900 

950 

1000 

45 

22 

44 

89 

133 

178 

222 

267 

311 

356 

400 

444 

489 

533 

578 

622 

667 

1 711 

756 

800 

844 

889 

47 

21 

43 

85 

128 

170 

^213 

255 

298 

340 

383 

426 

468 

511 

553 

596 

638 

681 

723 

766 

809 

851 

48 

21 

42 

83 

125 

167 

' 208 

260 

292 

333 

375 

417 

458 

500 

642 

583 

625 

667 

708 

760 

792 

833 

49 

20 

41 

82 

122 

163 

204 

245 

286 

327 

367 

i 408 

I 449 

490 

531 

571 

612 

653 

694 

735 

776 

816 

SO 

20 

40 

80 

120 

160 

200 

240 

280 

320 

360 

! 400 

440 

480 

520 

580 

800 

640 

680 

720 

760 

800 

52 

19 

39 

77 

116 

154 

192 

231 

269 

308 

346 

385 

423 

462 

SOO 

539 

577 

1 616 

654 

693 

731 

769 

54 

18 

37 

74 

in 

148 

185 

222 

260 

297 

334 

; 372 

406 

445 

482 

519 

656 

693 

626 

667 

704 

741 

56 

17 

36 

72 

107 

143 

179 

215 

250 

286 

322 

! 357 

393 

427 

465 

SOO 

536 

1 677 

607 

643 

679 

715 

60 

16 

33 

67 

100 

134 

167 

200 

234 

267 

300 

! 334 

1 1 

! 367 

400 

434 

467 

600 

1 634 

1 

567 

600 

634 

667 


In the left-hand column of Table 1 are given the percentages of plant 
food (from I to 60 per cent) in fertilizer materials that may be used in 
making up complete products; in the 21 columns numbered from | to 20; 
are shown the quantities of these materials required (per ton of product) 
to give the desired percentage of plant food designated at the head of each 
column. 
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To find the amount of material (containing any particular percentage of 
fertilizer constituent shown in the first column of figures), use the number 
of pounds of this material shown where the horizontal and vertical lines 
from the two percentages cross. For instance, if it is desired to produce a 
mixed fertilizer containing 10 per cent P 2 O 6 from 20 per cent superphos- 
phate, pick out figure 20 in the left-hand column and follow along the 
horizontal line until it crosses the vertical column with the heading 10, 
The figure at this intersection is 1,000 or the number of pounds of super- 
phosphate required per ton of the desired product. 

This same table is applicable to the preparation of , definite formulas 
from fertilizer materials containing two or more plant-food constituents, 
provided of course that the formulas are not of such a high analysis as to 
be beyond the capacity of the raw materials to produce. 

Triangular System of Computation 

Merz and Ross^° describe a method involving the use of triangular 
diagrams whereby it can be acertained whether or not a mixed fertilizer 
of a definite formula can be made from combinations of materials con- 
taining more than one fertilizer constituent. They applied this method to 
the computation of fertilizer mixtures made up from such compounds as 
potassium nitrate, potassium phosphate and monoammonium phosphate 
with and without the addition of lower grade materials. 

Since this is a convenient and useful method of determining the pos- 
sibilities and limitations of various organic and inorganic substances in 
making up mixed products it is of interest to those who manufacture high 
analysis fertilizers and hence a description of the system and how it is 
applied is given below: 

^‘Variations in the composition of mixed fertilizers may be represented 
by use of a system of three coordinates corresponding to the three variables, 
ammonia, phosphoric acid and potash. Such a system of coordinates is 
the triangular system, and the range of fertilizer ratios which can be made 
from fertilizer materials can be readily determined with the aid of triangular 
section paper as represented in Figure 4. 

“The corners A ^ B, and C of the triangle represent 100 per cent of NH 3 , 
P 2 O 6 , and K 2 O, respectively. The distance from each comer of the triangle 
to the opposite side is divided into 100 equal parts. The sum of the dis- 
tances along the respective perpendiculars, from any point within the 
triangle to the opposite sides, will always amount to 100 of these divisions. 
Each point within the triangle will therefore represent a definite mixture 
of all three constituents in such proportion as to total 100 per cent. Thus 
the point F, being 25, 50, and 25 divisions from the sides BC, Cil and AB 
respectively, represents a mixture in which 25 per cent of the total fer- 
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tilimng material is NHg, 50 per cent is F2O5, and 25 per cent is K2O. This 
point, therefore, represents a 25-50-25 fertilizer ratio, or any submultipie 
of this ratio, such as 4-8-4. Each side of the triangle represents varying 
mixtures of the two constituents represented by the adjacent comers, but 
none of that of the opposite corner. Thus the side AB represents mixtures 
containing varying amounts of NH3 and P2O6 but no K2O; and the side 
CA varying amounts of K2O and NH3 but no P2O5. Any particular point 
on a side represents a definite mixture of two constituents. The point D on 



Figueb 4. Triangular diagram illustrating graphical representation of fertilizer 
ratios. 

the side AB, for example, being 40 divisions from BC and 60 divisions from 
AC, corresponds to a fertilizer mixture, which contains 40 per cent of the 
total fertilizing elements as NHs, 60 per cent as PaOs, and 0 per cent K2O. . . 

“A material such as sodium nitrate, in which the NH3 amounts to 100 
per cent of the fertilizing elements present, will be represented on the 
triangle by the point A. Similarly, superphosphate will correspond to the 
point jB, and a potash salt to the point C, As the lines joining these three 
points coincide with the boundary lines of the triangle, it follows that 
submultiples of any fertilizer ratio whatever may be made by combinations 
of these three materials. The maximum fertilizer analysis formula possible 

2000 

for any given ratio is obtained by multiplying by the factor — ^ 
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Thus, if the sodium nitrate contains 18 per cent NHs, the superphosphate 
16 per cent P 2 O 6 , and the potash salt 20 per cent K 2 O; then, for a 4 - 8-4 
mixture, X = 444, T = 1000, X = 400, and X + F+ ^ = 1844. The 
maximum possible analysis formula, corresponding to the mixture 4 - 8 - 4 , 


that can be made from these materials is therefore 


2000 

.1844 


(4-8-4)^ 


or 


4.34-8.68-4.34. 


“A material, for example a tankage containing, say, 8.5 per cent NH 3 
and 5 per cent P 2 O 6 , would have 63 per cent of its fertilizing elements in 
the form of NH 3 and 37 per cent as P 2 O 6 , and would be represented in the 
triangle on the side 4J5 by the point F. Submultiples of all ratios which 
fall within the triangle FCB can therefore be made from this material in 
combination with superphosphate and a potash salt, while those which fall 
outside this triangle, such as the analysis formula 5-2-3 corresponding to 
the ratio 50-20^30 represented by the point G, cannot be made, (j, how- 
ever, falls within the triangle FCA, md, therefore, submultiples of the 
ratio 50-20-30 can be obtained by combinations of tankage and potash 
salt with a nitrogenous material. 

^Tf one-half of the ammonia in a 4-8-4 fertilizer mixture is to be ob- 
tained from nitrate of soda, one-fourth from cottonseed meal, and one- 
fourth from tankage, then 2 of a total of 4 parts of NH 3 will be present in 
the mixture as nitrate, 1 as cottonseed meal, and 1 as tankage. But the 
quantities of the two last materials, which contain 1 part each of NH 3 , 
also contain 0.96 part of P 2 O 5 and 0.23 part of K 2 O. The mixture of these 
three materials therefore contains 77 per cent of the fertilizer constituents 
as NHs, 19 per cent as P 2 O 5 , and 4 per cent as K 2 O and may be represented 
in Figure 4 by the point H. Submultiples of all ratios, which fall within 
the triangle HBC can be made by combinations of these three materials 
with superphosphate and a potash salt. The maximum fertilizer analysis 
formula that can be made of any of these ratios is obtained in the usual 

2000 

way, by multiplying by the fraction 

The concentrated materials monoammonium phosphate, monopotassium 
phosphate and potassium nitrate contain combinations of all three fer- 
tilizer constituents in groups of two, and all have chemical and physical 
properties which make them admirably suited for use in fertilizers. Potas- 
sium nitrate, obtained from Chilean nitrate and other sources, has long 
been used to a limited extent in fertilizers. It may also be prepared by 
treating potassium chloride with nitric acid, such as that produced in the 
fixation of nitrogen. Monoammonium phosphate is now being used in 
high-grade fertilizers and may be prepared by neutralizing ammonia, such 
as obtained in the fixation of nitrogen, with phosphoric acid. The use of 
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moaopotassiiim phosphate in fertilize!^ has been limited to experimental 
tests only. It may be prepared from potassium chloride and phosphoric 
acid* The percentage .composition of these salts is given in Table 2. 

Table 2. Pebgentage Composition op Several Concentrates Sititable por the 



Figure 5. Triangular diagram showing fertilizer ratios obtainable from combina- 
tions of monoammonium phosphate, monopotassium phosphate, and potassium 
nitrate, as well as those obtainable from combinations of these compounds with 
single fertilizer constituent materials. 

Applying the triangular system to fertilizer mixtures from concentrated 
materials it is seen from the percentag;e values ^ven in Table 2 that mono- 
ammonium phosphate corresponds to point D in the triangle of Figure 5 ; 
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monopotassimn phosphate to point E and potassium nitrate to point F. 
These three materials may therefore be used to make submultiples of ail 
fertilizer ratios falling within the triangle DEF. In the same way, triangles 
may be drawn corresponding to combinations of any two of these com- 
pounds with a nitrogen, phosphoric acid, or potash salt. Thus the triangle 
ADE endo&es all possible ratios that can be made with mixtures of mono- 
ammonium phosphate, monopotassium phosphate, and a nitrogen com- 
pound; the triangle CDE all ratios that can be prepared from the same two 
compounds and a potash salt, and the triangle BDE all the ratios that 
can be made from these two compounds and a phosphatic material, such 
as superphosphate. 

When each of three materials selected for a mixture contains two fer- 
tilizing elements, then the amount of each required to give a ton of a fer- 
tilizer of any analysis formula which they are capable of making, as shown 
by the triangle method, may be calculated as follows: If Ay B and C are 
the percentages respectively of the NH3, P2O6, and K2O desired in the 
mixed fertilizer, and 


X *= Weight of material containing a per cent NH3, and h per cent P2O5 
Y = Weight of material containing b' per cent P2O5, and c per cent K2O 
Z ~ Weight of material containing c' per cent K2O, and a' per cent NH3 


Then X = 

Y = 

Z « 


20006^c'4. -h a'cB — a^b'C 
ab'P -h a'hc . 

2000B - bX 


b' 

2000c - cY 


and 


( 1 ) 

( 2 ) 

(3) 


For the particular case where the three materials used are monoam- 
monium phosphate, monopotassium phosphate, and potassium nitrate 
respectively, 


X, monammonium phosphate 


« 2000 


2430.54A 4- 5S2MB - 879.230 
71945 


2000 - 61.72X 

Y, monopotassmm phosphate ~ 

02.I0 

2000(7 - 34.67 

Zy potassium nitrate — 

The number of fertilizer ratios it is possible to make from these materials 
is limited, as already explained, and the same is true of any three materials 
which contain two constituents each. However, by successively combining 
these materials in pairs with ammonia, phosphoric acid and potash salts, 
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nine possible combinations are obtained which can be used by varying the 
materials in any combination to make any fertilizer ratio whatever. In 
Table 3 are given expressions for calculating each of these nine combina- 
tions, the quantities of the materials required for any fertilizer formula 
falling within the triangle, representing the combination in Figure 5. 

For further details concerning the computation of fertilizer mixtures, 
conforming to the 52 analyses adopted by conferences of agronomists and 
fertilizer manufacturers as standard for 24 states, the reader is referred to 
the original article of Merz and Ross^°. 

Fertilizer Conditioners 

As indicated in the early part of this chapter, virtually all of the complete 
fertilizers offered to the consummer contain certain quantities of relatively 
inert materials. While these do not add any plant-food constituent to the 
finished product, they do not adversely affect the value of the final product. 
These so-called fillers serve a dual purpose: (1) they make it feasible to 
produce fertilizers having definite formulas; (2) they improve the physical 
condition of the final product by reducing hygrosopicity, minimizing its 
tendency to cake and set and thus facilitate the handling of the fertilizer 
in the factory and its distribution in the field. 

Before the bulky organic by-products such as cottonseed meal and animal 
and garbage tankage were diverted to other uses, the conditioning of mixed 
fertilizers was not a major problem since the free-flowing properties of these 
fillers were not greatly affected by the presence of substantial percentages 
of free moisture. Moreover, the low-analysis fertilizers of several decades 
ago made it possible to condition goods with large quantities of these 
organics, as well as mineral fillers (chiefly silica sand). 

The advent of higher analysis fertilizers made up with fairly pure salts, 
triple superphosphate and certain other manufactured concentrates, not 
only greatly reduced the amount of filler required, but imposed the ad- 
ditional problem of obtaining suitable materials in small bulk that would 
impart the desired physical condition to these products. 

The ammoniation of superphosphate and mixed goods (discussed in 
Chapter 17), did much toward improving the mechanical condition of 
concentrated fertilizers by altering the chemical and physical nature of 
the constituents before they were stored and shipped, but it was also neces- 
sary to study the effect of various solid additives with a view to determining 
those which could be incorporated in high-analysis products to improve 
their mechanical properties without adversely affecting their fertilizer 
value. One of the most satisfactoiy of these additives which appears to 
meet these requirements under normal conditions is dolomite or dolomitic 
limestone. 
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Macintire and his co-workers^' ® showed that although ordinary lime- 
stone decreased the solubility of the P2O5 in stored superphosphate at 
ordinary temperatures, dolomite caused no appreciable reduction in the 
availability of this fertilizer ingredient. 

Beeson and Ross^ found that while dolomite reacts with monoammonium 
phosphate in the presence of moisture to form phosphates of calcium, 
magnesium and ammonia, no loss of ammonia or decrease in the avail- 
ability of the P2O5 occurs at ordinary temperatures regardless of the pro- 
portions of the reacting materials. These investigators represented the 
reactions involved at ordinary temperatures (30°C) as follows; 

3KH4H2PO4 + CaCOrMgCOs MgNH4P04 + (NH4)2HP04 + 2H2O + 2CO2 

At relatively high temperatures (90°C), however, a more basic phosphate 
of lime is formed of reduced solubility. Kennen and Morgan^ reached a 
similar conclusion when investigating the composition of stored mixed 
fertilizers containing dolomite. 

Although concentrated fertilizer formulas may be prepared using or- 
dinary silica sand as a filler, dolomite has the advantage of neutralizing 
excess or potential acidity^, further improving physical condition and 
furnishing an appreciable quantity of available magnesia which is recog- 
nized as a distinct advantage on certain soils and crops. 

The Mechanical Mixing of Fertilizers 

The final step in the preparation of complete fertilizers is based largely 
on the blending of several different types of solid materials (including the 
filler or conditioner). The mixing of solids wdth solids to obtain a final 
product from winch samples can be drawn of identical composition is 
virtually impossible, unless the individual constituents are reduced to an 
impalpable powder. This is not economically feasible in the case of a rela- 
tively low-priced product such as fertilizer, but blends can be obtained 
which will meet the specifications, provided care is exercised in the prep- 
aration of the individual materials entering into the complete products. 
Moreover, the development of ammoniacal solutions that permeate, par- 
tially dissolve and react with some of the constituents in the fertilizer 
materials have contributed greatly to the uniformity of complete products. 

It is obvious that the materials must be milled and screened before going 
to the mixer and though the difference in the friability of these materials 
is such that milling under the same conditions does not produce the same 
proportion of the various sizes in each case, subsequent screening insures 
that the maximum size particles in all materials are approximately identical. 

The equipment employed in blending solid fertilizer materials usually 
consists of a steel cylinder rotating on a horizontal axis. The inner walls of 
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this cylinder are fitted with flights (bolted to the shell) the object of which 
is to lift the solid mixture, carry it upward and shower it back onto the 
material in the bottom of the machine as the cylinder revolves^ Thus a 
circulation is obtained which causes the intermingling of the various fer- 
tilizer constituents and as uniform a mixture as the mechanical conditions 
will permit. The flights are not usually parallel to the axis of rotation but 
are so arranged that they move the material back and forth so that uniform 
mixing is obtained in all parts of the cylinder. 

Whereas, nearly all drum-mixers operate on the same general principle, 
they vary with respect to the ratio of diameter to length. One has a rather 
short axis length and contains a funnel-like chute into which the solids 
carried up by the flights are discharged. This chute in turn, re-introduces 
the material into the bottom of the cylinder where the cycle is repeated. 
This type of mixer receives its materials and empties the complete mixture 
through the same end of the drum. Since there is only one rotating seal 
to maintain in this type of mixer, it may be used as an ammoniator by 
insertion of a spray pipe. 

Other types of fertilizer mixers are designed like the equipment used in 
mixing cement, with a feed at one end and a swinging spout for discharging 
at the opposite end. Still another type receives its charge at one end and 
empties the product in the center of the cylinder through sliding ports 
activated by a cam mechanism. 

Practically all cylindrical mixers of the drum type are mounted on 
trunions and driven through a ring gear. It is needless to say that the 
periphery speed of the cylinder must be kept below that at which centrif- 
ugal force tends to hold the solid ingredients against the walls and prevents 
the proper discharge of the material carried up by the flights. The speed 
reconoimended is usually from 50 to 75 per cent of that at which centrifugal 
force overcomes the force of gravity. 

A rather radical departure from the rotating drum type is one consisting 
of a stationary vertical steel shell fitted with series of funnels and upwardly 
pointed cones. As the materials are introduced at the top of the cylinder 
the various shaped baffles cause them to persue an interrupted and tortuous 
path as they work their way to the bottom of the chamber, resulting it is 
claimed, in a thorough mixing of the various ingredients. This type of 
mixer has no moving parts other than the control values. 

All materials delivered to the mixer must be weighed before blending and 
this may be done in a variety of ways. The type of proportioning equip- 
ment is selected according to its applicability to the conditions of each 
particular fertilizer plant. The most modern method is one in which weighed 
charges are made up by use of interlocking electrical devices. 

Since certain of the raw materials used in concentrated complete fer- 
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tilizers tend to cake and hence are difficult to mix uniformly, provisions 
must be made to take care of such conditions. Materials of this type may 
be carried by a bucket eleyator to a hopper which serves as a feed bin for 
the drum mixer. A coarse screen at the foot of the elevator serves to keep 
out large lumps of caked material which are crushed to a size permitting 
them to pass the screen. A further reduction in size is made at the top of 
the elevator where the material is discharged on a small mesh vibrating 
screen. The undersize then passes to the drum feed bin and the oversize 
goes to a hammermill or disintergrator (of the cage type) for further grind- 
ing. It Is then again discharged into the bucket elevator and rescreened 
before going to the mixer. 

After the blended materials are discharged from the mixing drum they 
are conveyed to storage bins or direct to bagging machines where definite 
weights are packaged for shipment. Bagging technique varies all the way 
from hand-filling, hand-weighing and hand-sewing of burlap or other types 
of cloth bags for export, to the automatic filling, weighing and closure of 
valved paper bags. In the latter type the placing of the empty bags on the 
filling nozzle and tipping off the filled packages onto a conveying belt or 
truck which carries them to storage or direct to the loading platform are 
the only manual operations required. 
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23. Phosphate Leavening Agents 

Henry W. Easterwood 

Victor Chemical Works 

Historical 

Large quantities of highly purified phosphate compounds are annually 
consumed in the form of phosphate-containing baking powders and leaven- 
ing agents. The leavening or aeration of bread doughs for the purpose of 
making light, sponge-like baked products has been practiced for many 
centuries. The Egyptians are said to have practiced the art of leavening 
and to have passed the knowledge along to the Greeks, who later passed 
it on to the Romans^ 

The early leavening practice involved the growing of yeast cells in 
dough and batter mixtures. The enzymes of the yeast acted on the flour 
carbohydrates of the dough and produced carbon dioxide gas and alcohol. 
The carbon dioxide thus generated was partially trapped within the dough, 
causing it to expand (or rise). The expanded dough when heated sufficiently 
became solidified, forming a porous sponge-like bread product. 

Yeast leavening today is practiced in much the same manner except for 
the many refinements in the quality of the yeast and formulation of dough 
mixtures. Yeast was substantially the only leavening means employed 
until well into the nineteenth century, when chemical leavening agents 
began to make their appearance. U. S. Patent No. 2816 of 1842 (Abel 
Conant) discloses the mixing of tartaric acid, cream of tartar, alum, or 
other dry acids with flour and subsequently using the flour with an aqueous 
solution of soda to prepare doughs for baking. 

Whereas yeast continues to play an important role in the baking industry, 
the use of chemical leavening agents has expanded to the point where the 
manufacture of such agents represents an important sector of the chemical 
manufacturing industry of this countiy. 

Chemical leavening is accomplished by generation of a leavening gas 
in the dough either through thermal decomposition of certain gas-produc- 
ing compounds or by causing a chemical reaction to take place in the dough 
mixture between an acidic component and a carbonate salt. In either case 
carbon dioxide gas is liberated causing the dough to puff up or rise before 
or in the early stages of the baking operation. 

Chemical leavening offers a number of advantages over yeast leavening 
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in the making of many baked products such as biscuits, cakes, waffies, pan- 
cakes, etc. Some of these advantages are as follows: 

(1) It avoids the long period of time required for the generation of 
leavening gas in yeast doughs. 

(2) It permits uniformity in leavening capacity. 

(3) It enables the baker to predetermine the desired amount of leavening 
gas needed for specific types of baked goods. 

(4) The stability and keeping qualities of the chemical agents permit 
their storage without special precautions other than keeping them 
dry. 

Other advantages and disadvantages might be enumerated but the above 
are sufficient to show why chemical leavening is so widely practiced at the 
present time. 

Theoretically a large number of carbonate salts might be used as sources 
of carbon dioxide in chemical leavening, but it has been found most con- 
venient and desirable for a number of reasons to select sodium bicarbonate 
(NaHCOs) (baking soda) as the substantially universal source of carbon 
diomde leavening gas. 

Sodium bicarbonate 'has been used alone as a leavening agent and still 
is employed to some extent, the leavening action being due to thermal 
decomposition resulting from the heat of the oven. The decomposition 
products are carbon dioxide gas and residual normal sodium carbonate 
(NaaCOs). The high alkalinity of the residual salt often produces a yellow- 
ish color and undesirable taste in the baked product. However, Davis and 
Maveety^ have shown that 1.5 pounds per barrel (196 lbs) of flour may be 
used without imparting an unpleasant taste to the baked product. 

Progress made in the development of chemical leavening agents has been 
largely confined to the search for suitable acidic compounds which will 
react with sodium bicarbonate in dough mixtures to liberate carbon di- 
oxide gas at a desirable rate and yet not introduce objectionable and un- 
palatable residues in the baked products. Some of the acids which have been 
been proposed for this purpose are tartaric acid, acid tartrates, lactic acid^®, 
monosodium phosphate, monocalcium phosphate, sodium acid pyrophos- 
phate, phthalic anhydride^®, gluconic acid^^, mellitic acid®\ calcium acid 
lactate®^, calcium acid pyrophosphate, sodium aluminum sulfate, etc. Of 
th^e the tartrates, monocalcium phosphates, sodium aluminum sulfate 
and sodium acid pyrophosphate have been extensively employed in the 
baking industry. 

According to L, H. Bailey® the first baking powder formula used in the 
United States was developed in 1850. A cream of tartar baking powder 
was placed on the market in that year. In 1853 V. C. Price produced a 
baking powder composition comprising cream of tartar, sodium bicar- 
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bonate, and starch or flour. Tartrate-type baking powders have been on 
the market since that time and are still used. 

Early Phosphate Leaveihng Agents 

Phosphate baking acids were first introduced by E. N. Horsford in 
1856 as substitutes for cream of tartar. In that year Horsford obtained 
U. S. Patent No. 14722 for the preparation of a monocalcium phosphate 
baking acid from charred bones. The product was marketed as ‘^Horsford ’s 
Bread Preparation’’^’^ in a paper package provided with separate containers 
for the sodium bicarbonate and the starch-filled monocalcium phosphate 
product. The housewife was instructed to use two parts of the acid prep- 
aration to one part of soda. Horsford was quite active in improving and 
promoting phosphate baking preparations. This is evidenced by the num- 
ber of patents on the subject issued in his name between 1856 and 1880.^^ 
Complete phosphate baking powder mixes were difficult to preserve be- 
cause absorption of moisture from the air caused them to deteriorate; 
consequently the early baking powders were sold in glass bottles. It was 
not until 1893 that such powders were made with sufficient stability to 
enable them to be packed and marketed commercially in tin cans®. Ac- 
cording to Bailey® a significant improvement in the manufacture of mono- 
calcium phosphate was introduced in 1889 whereby the neutralizing 
strength was raised from 45 to 50 per cent to approximately 80 per cent. 
The improvement consisted in neutralizing the excess acidity of the 
monocalcium phosphate paste with finely milled bone ash instead of drying 
the paste with starch. 

Ammonium and potash alums were introduced as cream of tartar sub- 
stitutes rather soon after the latter material came into general use as a 
chemical leavening acid, but it was not until about 1892® that the use of 
sodium aluminum sulfate as a leavening acid became established. 

Because of its relatively low price sodium aluminum sulfate soon gained 
a substantial foothold in the baking powder field. In spite of much detri- 
mental publicity-® against the use of aluminum compounds in food products 
sodium aluminum sulfate has continued to enjoy success in the field, and 
today it is used quite extensively in combination baking powders where 
it is admixed with monocalcium phosphate. Much of the baking powder 
used in the home is of this type. Substantially no straight sodium aluminum 
sulfate-type powders are now being used. 

Modern Phosphate Baking Acids 

The principal phosphate baking acids on the market today are mono- 
calcium phosphate monohydrate, anhydrous monocalcium phosphate and 
sodium acid pyrophosphate. Other phosphate baking acids such as mono- 
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soditim phosphate, calcium acid pyrophosphate, sodium aluminum phos- 
phate, etc., have been proposed or used to some extent but are not of 
sufficient importance to warrant detailed consideration at this time. Mono- 
sodium phosphate was employed for several years in a baking powder 
composition but its use has been discontinued because of its instability in 
moist atmospheres. Calcium acid pyrophosphate was proposed as a baking 
acid by W. B. Brown and R. A. Holbrook® in 1911. More recently R. J. 
Hurka^® has proposed to use calcium acid pyrophosphate containing a 
minor proportion of alkali metal metaphc^phate. Others have investigated 
the possibilities of calcium acid pyroposphate but so far no appreciable use 
of the compound has resulted. 

Monocalcium phosphates are more extensively used than all other chem- 
ical leavening acids. It is estimated that more than 78,000,000 pounds^^ 
of such phosphates are consumed annually in the United States. Mono- 
calcium phosphate is available in powdered form where all of the particles 
win pass through a 140-mesh screen, with 65 to 85 per cent through 200 
mesh. It is also available in granular form where the particles pass an 80- 
mesh screen and are retained on a 200-mesh screen. The different types of 
product include the crystalline monohydrate in the form of solid crystalline, 
agglomerated, or spray-dried spherical particles, and the anhydrous salt 
in the form of heat treated (or coated) solid particles. Each of these products 
has certain chemical or physical characteristics which offer advantages in 
specific baking applications. For example, the powdered monohydrated 
phosphates and the coated anhydrous salt are especially suitable for use in 
self-rising and phosphate flours, whereas the granular products are used 
extensively in straight phosphate baking powders. Both the powdered and 
granular materials are adaptable for use in combination powders. The 
coated anhydrous salt is particularly suitable for biscuits and the like 
where a slow reaction rate in the dough mixing stage is important. 

, Sodium acid pyrophosphate is also produced on a large scale, principally 
in the form of a fine powder. It is extensively used in making doughnuts, 
cakes and packaged biscuit doughs. 

The monocalcium phosphate and sodium acid pyrophosphate baking 
acids on the market today are substantially pure chemical compounds 
except where the compositions have been formulated to include controlled 
amounts of certain components in order to yield products having definite 
characteristics. For example, small amounts of potassium, aluminum, etc., 
are beneficial in the production of coated anhydrous monocalcium phos- 
phate. Some dicalcium phosphate is present in all monocalcium phosphates. 
This is formed as a result of the lime used to eliminate free acidity in the 
products. All of the compositions are substantially free of elements such 
as lead, arsenic, and fluorine, meeimg all government requirements with 
respect to such elements. 
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Netitralizing Strength 

The measure of the capacity of a baking acid to react with sodium bi- 
carbonate is termed its neutralizing strength. This is expressed as parts 
by weight of the acid salt required to neutralize exactly 100 parts of sodium 
bicarbonate. Following are the generally accepted equations representing 
the final reactions which take place between sodium bicarbonate and three 
of the acid phosphate salts employed in baking powders and salt-rising 
flours: 

3CaH4(P04)2H20-h8NaHC03 -^800-2 +Ca3(P04)2 + 4 Na 2 HP 04 + IIH 2 O 

Monocalcium Sodium Carbon Tricalcium Disodium Water ( 1 ) 

Phosphate Bicarbonate Dioxide Phosphate Phosphate 

NaHsPO^HaO + NaHCOa CO2 + Na2HP04 4 - 2H2O 

Monosodium Sodium Carbon Disodium Water ( 2 ) 

Phosphate Bicarbonate Dioxide Phosphate 

Na2H2P207 + 2 NaHCOa 2CO2 + 2Na2HP04 + H2O 

Sodium Acid Sodium Carbon Disodium Water ( 3 ) 

Pyrophosphate Bicarbonate Dioxide Phosphate 

According to the above equations, the theoretical neutralizing strength 
of monocalcium phosphate, monosodium phosphate and sodium acid pyro- 
phosphate in terms of 100 parts of sodium bicarbonate are 88.9, 74.3 and 
60.9 respectively. 

Although baking acids are valued largely on the basis of their capacity 
to react with sodium bicarbonate, the theoretical neutralizing strength 
is seldom if ever attained with commercial phosphates unless free phos- 
phoric acid is present. This free acid adversely affects the physical or 
mechanical condition of the product, causing the baking powder manu- 
factured therefrom to have poor keeping qualities and upsets its even 
action in the mixing and baking processes. Therefore, though the neu- 
tralizing strength of pure monocalcium phosphate (according to equation 
(1) is 88.89,. it is seldom desirable to manufacture a product with a neu- 
tralizing strength above 86. Such a product contains as a rule enough 
dicalcium phosphate to insure the absence of free phosphoric acid with 
its attendant difficulties in drying and mixing and its probable premature 
reaction when mixed with sodium bicarbonate. 

In the preparation of baking powder from monocalcium phosphate or 
any other baking acid it is also most important that little or no excess of 
sodium bicarbonate is present over that which will be acted upon by the 
acid salt, since the heat of the oven will decompose this excess producing 
normal sodium carbonate which, as previously stated, tends to give a 
yellow color and unpleasant taste to the baked product. 
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The neutralizing strength may be determined by titrating the baking 
aeid with a standard alkali solution, or by reacting the acid with sodium 
bicarbonate and measuring the amount of CO 2 gas evolved. Neither of these 
methods gives results which can be relied upon in all cases to accurately 
indicate the neutralizing strength obtainable in actual baking operations. 
Adler and Barber^ proposed to modify the titration method whereby an 
excess of standard alkali is employed, and the excess back titrated with a 
standard hydrochloric acid solution. They claim to obtain more consistent 
and accurate indications of the true neutralizing strength by this procedure. 
This modified method is now generally employed by the trade. 

Table 1 gives typical chemical and particle size analyses and calculated 
compasitions of the principal monocalcium phosphate baking acids which 
have been produced in this country within the past few years. 

Table 2 gives the composition of two typical sodium acid pyrophosphate 
baking acids now being sold in the United States. 

Manufacture OF Monocalcium Phosphates 

Disregarding the earlier manufacture of crude calcium acid phosphate 
for fertilizer purposes, the first manufactured for food purposes appears to 
be that described by E. Horsford in U. S. Patent 14,722 (1856). This patent 
describes the process which comprises reacting partially charred bones with 
sulfuric acid to form calcium sulfate and phosphoric acid. The calcium 
sulfate was filtered off and the liquid phosphoric acid concentrated in iron 
kettles. Bone ash in calculated amounts was added to the acid, forming a 
pasty calcium acid phosphate compound, which was then mixed with 
starch or flour. After drying for several weeks the material was ground to 
form a dry acid phosphate powder, two parts of which were capable of 
neutralizing one part of sodium bicarbonate. 

From this crude beginning many improvements have been made in the 
quality and physical properties of phosphate baking acids through sys- 
tematic research and a number of distinct types of high quality mono- 
calcium phosphate are now being produced. 

The raw materials required in modem methods for manufacturing mono- 
calcium phosphates are limited to substantially pure hot lime (CaO) or 
hydrated lime (Ga(OH) 2 ) and highly purified phosphoric acid. Most of 
the phosphoric acid used is now produced by the burning of pure elemental 
phosphorus followed by hydration of the resulting phosphoric anhydride. 
The acid is of such high purity that in many cases it is modified by the 
addition of certain impurities such as potassium, aluminum, magnesium, 
etc., in small amounts. These elements affect primarily the physical char- 
acteristics of the monocalcium phosphate particles which in turn affect 
the reaction characteristics of the product. 
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Batch Type 

The regular batch type of monocalcium phosphate is made by placing a 
weighed amount of phosphoric acid of about 75 per cent strength in a 
stainless steel or ceramic-lined batch tub equipped with efficient agitators. 
Hot lime in slightly less than the calculated amount for the equation CaO 
+ 2H3P04“->CaH4(P04)2‘H20 is added at such rate that the tempera- 
ture of the batch is maintained at about 75 to 110°C. Near the end of the 
reaction period the final traces of free phosphoric acid are neutralized with 
hydrated lime. The resulting product is a fairly dry lumpy material which 
is further dried under controlled temperature conditions and milled. The 
milled material is then screened or air separated into granular and powder 
products and bagged. The above procedure is considered typical, though 
different manufacturers may vary the detail of operations to a considerable 
extent. The granular product is principally used in baking powders, whereas 
the powdered product finds its greatest use in self -rising and phosphated 
fours. Phosphates produced by processes of this kind are in the form of 
irregular particles consisting of agglomerations of very fine crystals of 
monocalcium phosphate monohydrate together with a small amount of 
dicalcium phosphate and other impurities which were present in the raw 
materials. Figure 1 shows the general character of the particles comprising 
this type of product. 

Crystalline Type 

A crystalline monocalcium phosphate in the form of clear, solid, plate- 
like monohydrate crystals is shown in Figure 2. According to C. H. Milli- 
gran^® a product of this type may be made by introducing lime and a strong 
phosphoric acid solution simultaneously and in equivalent amounts into a 
phosphoric acid of at least 50 per cent concentration while maintaining a 
temperature of at least 80°C. during the reaction. Crystals of monocalcium 
phosphate form as the solution becomes saturated. After the crystals have 
grown to the desired size the mixture is passed through a cooling zone 
where further crystallization and growth of crystals takes place. The solid 
crystals are then removed from the strong acid mother liquor by centrif- 
uging or other means, and the mother luquor being returned to the process. 
The separated crystals are washed substantially free of adhering phos- 
phoric acid and the last traces of such free acid neutralized with a base 
such as hydrated lime. 

Spray-Dried T3rpe 

Spray-dried monocalcium phosphate (monohydrate) is made by re- 
acting a lime base with a phosphoric acid solution of sufficient dilution to 
yield a liquid slurry or solution of monocalcium phosphate, and spraying 
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such solution into a heated drying atmosphere whereby the excess moisture 
is removed yielding a product consisting of small, substantially spherical 
particles. 

At least three different manufacturers have taken out patents (U. S. 
1442318 Jan. 16, 1923 C. T. Whittier; U. S. 1689697 Oct. 30, 1928 E. W. 
Thornton; U. S. 1818114 Aug. 11, 1931 J. Carothers and P. Logue) relating 
to spray “dried monocalcium phosphate and methods of manufacture. Ca- 
rothers and Logue describe a process whereby milk of lime having a specific 


Table 2. Composition op Two Typical CoMMERaAL Sodium Acid Pyrophosphate 

Baking Acids* 



(1) 

(2) 

NaaHsPsOr 

96.60% 

96.20% 

NaH2P04 

0.80 

0.70 

Fe and AIPO 4 

0.015 

0.105 

AIPO 4 

Trace 

0.10 

P 2 O 5 

63.40 

63.90 

Acid insoluble 

0.01 

0.003 

BOt 

0.02 

0.01 

F 

3.0 ppm 

2.0 ppm 

Pb 

1.2 ppm 

0.8 ppm 

As 

0.2 ppm 

0.1 ppm 

pH (1.0% soln.) 

4.5 

4.11 

Neutralizing value 

72.6 

72.0 

Sieving: 

On 100 mesh 

0.6% 

0.2% 

200 mesb 

10.9 

9.6 

325 mesh 

19.0 

16.9 

Through 325 mesh 

69.5 

73.3 


* Unpublished analytical data supplied by Mr. J. R. Schlaeger (Victor Ghemical 
Works). 


gravity of approximately 1.1 is added slowly to a 75 per cent phosphoric 
acid solution, with vigorous agitation, until approximately 5 per cent 
excess lime has been added to form a slurry of monocalcium phosphate. 
This slurry is then sprayed into a chamber through which a current of 
hot air is passed causing the fine slurry droplets to solidify into small 
dry spherical particles of monocalcium phosphate containing substantially 
no free acid, but a small amount of dicalcium phosphate. Figure 3 illus- 
trates the physical form of a commercial spray-dried product. One of the 
outstanding feature of this type product is its free-flowing characteristics. 

Anhydrous Monocalcium Phosphate 

Anhydrous monocalcium phosphate (CaH4P208) has long been known 
but has not found much application in the leavening agent field because 






Figure 1. Photomicrograph A-Particles of monoealciiim phosphate (moiiohy- 
drate). Magnified to 85 diameters. 


Figure 2. Photomicrograph B -Crystals of monocalcium phosphate 
drate). Magnified to 85 diameters. 


Figure 3. Photomicrograph C-Spray-dricd monocalcium phosphate (monohy- 
drate). Magnified to 85 diameters. 
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of ite iEStability against absorption of atmospheric moisture. However, 
for the past 10 years a specially coated anhydrous monocalcium phosphate® 
has been successfully employed as a baking acid in baking powders, self- 
rising ioum, etc.. 

This special type of anhydrous monocalcium phosphate, developed by 
Schlaeger^^ and Knox et is made by reacting lime with a strong phos- 
phoric acid containing minor amounts of certain metal compounds, such 
as potassium, aluminum, etc., at a sufficiently high temperature (above 
140°C) to prevent the formation of any substantial amount of hydrated 
monocalcium phosphate, and at a temperature low enough to prevent the 
formation of any appreciable amount of pyrophosphate. The reaction is 
carried out in a batch mixer equipped with an efficient, agitator. The re- 
sulting product in the form of minute crystals of anhydrous monocalcium 
phosphate is heat-treated at a temperature of approximately 200 to 220°C. 
Under these conditions the potassium and several other elements appear 
to combine with the calcium phosphate surface of the crystals to form an 
autogenous, glass-like, substantially water-insoluble coating over the crys- 
tals. 

When this new phosphate is used as a baking acid or acid constituent of 
baking powders the glass-like coating permits only a slow penetration of 
water into the interior of the particle and thereby ddays its reaction with 
the sodium bicarbonate in the dough mixture. 

Figure 4 illustrates the physical form of the heat-treated anhydrous 
monocalcium phosphate particles. Figure 5 represents the coating shell 
(magnified to 800 diameters) remaining after the anhydrous monocalcium 
phosphate has been dissolved from the interior with distilled water. The 
solid particles clinging to the coating surface are probably dicalcium phos- 
phate particles. 

Manufacture of Sodium Acid Phyrophosphate 

Sodium acid pyrophosphate is generally made by partially dehydrating 
monosodium acid orthophosphate in accordance with the following equa- 
tion: 

21Sr8.H2P04 4 - heat — ^ !Na2H2p207 4 ^ H2O 

The reaction is usually carried out in a rotary-type converter in a con- 
tinuous manner. The monosodium phosphate is fed into one end and is 
heated to a temperature of 225 to 250®C by passing hot gases of combustion 
through the convertor in direct contact with the material, or by passing 
the hot gases through a jacket surroundhig the converter chamber. By 
carefully controlling the time and temperature conditions the monosodium 
phosphate is almost completely converted to sodium acid pyrophosphate 
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Figure 4. Photomicrograph D-Coated crystalline anhydrous monocalcium phos- 
phate. Magnified to 85 diameters. 


Figure 5. Photomicrograph E-Coating shell remaining after solution of anhydrous 
monocalcium phosphate from interior with distilled water. Magnified to approxi- 
mately 800 diameters. 
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when it reaches the discharge end of the converter. The heating period 
usually extends over a number of hours. 

Variations in the baking quality of the sodium acid pyrophosphate 
product may be effected by varying the type of monosodium orthophos- 
phate starting material, as well as the conversion conditions. The mono- 
sodium orthophosphate starting material may be produced in pure crys- 
talline form from a saturated solution, or -by a batch process whereby 
substantially pure phosphoric acid is reacted with soda ash or caustic 
soda in correct proportions and the whole solidified into a granular mass. 
Other means of producing the starting material have been suggested such 
as spray drying^® a hot concentrated solution of monosodium phosphate, 
or by rapidly drum-drying the solution^h 

By utilizing the above types of monosodium phosphate and controlling 
the conversion conditions either fast or slow acting types of sodium acid 
pyrophosphates may be produced. Hetzel and Taylor^^ claim that sodium 
acid pyrophosphate may be obtained by rapidly drum-drying a concen- 
trated solution of monosodium phosphate containing small amounts of 
potash and alumina and heating the product at 225 to 235°C in an at- 
mosphere containing controlled amounts of water vapor. 

C. R. McCullough^® describes a process of converting monosodium phos- 
phate to sodium acid pyrophosphate at relatively high temperatures in a 
short period of time by controlling the water vapor pressure during con- 
version to prevent formation of sodium metaphosphate impurities in the 
product. Sodium metaphosphate has no value as a baking acid. 

LEAVENma Reactions and Baking Tests 

The chemical reactions involved in the phosphate leavening of bakery 
products are quite complex and there is no unanimity of opinion by the 
various authorities regarding reactions which actually take place in dough 
mixtures. 

The reaction between' monocalcium phosphate and sodium bicarbonate 
in doughs may proceed according to one or more of the following equations, 
depending on the relative amounts of the two components reacting and 
the conditions of time, temperature and dough formulation. 

3GaH4(P04)2 + SNaHCOa C&ziPO.h + 4Na2HP04 + 8H2O -f 8CG2 (1) 

3CaH4)P04)2 + ONaHCOs 3CaHP04 + 3Na2HP04 + aHsO 6CG2 (2) 

3CaH4(P04)2 + SNaHCOs 3,CaNaH3(P04)2 + SHsO + 3CO2 (3) 

3eaH4(P04)2 + 4NaHC08 Ca3(P04)2 + 4NaH2P04 + AEA) + 4CO2 (4) 

Generally the reactants are used in the proportions indicated in equation 
(1). The reactants are brought together in the wet dough mixture at room 
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temperature or lower. A reaction starts immediately but does not go to 
completion until the dough is subjected to baking temperature in the oven. 
Hart^^ claims the over-all reaction to be as in equation (1), and Patten^® 
states that the reaction always results in the formation of tricalcium phos- 
phate as one of the residual salts. The authorities generally agree on the 
over-all reaction but differ as to what takes place in the intermediate stag^. 
Probably some dicalcium phosphate and monosodium phosphate are formed 
in the cold dough, but react further under the influence of oven heat to 
form more neutral residual salts. 

Where monocalcium phosphate is used in combination with sodium 
aluminum sulfate the reactions are further complicated. In addition to the 
reaction possibilities indicated above there is the step of hydrolyzing the 
sodium aluminum sulfate (Na 2 S 04 *Al 2 (S 04 ) 3 ) and the reaction of the 
resulting suKuric acid with sodiinn bicarbonate. The net reaction between 
the sodium aluminum sulfate and sodium bicarbonate may be illustrated 
by the equation : 

NaaSO^-AlaCSOOs + SNaHCOa -> 2A1(0H)3 + 4Na2S04 + 6CO2 

It is not at all certain that the respective baking acids in combination 
powders react independently with the sodium bicarbonate. Rask^ con- 
siders it probable that the monocalcium phosphate and sodium aluminum 
sulfate combine in their reaction with sodium bicarbonate to yield residual 
salts substantially in accord with the equation: 

Na 2 S 04 *Al 2 (S 04)3 + CaH4(P04)2 + 4NaHC03 2AIPO4 + CaS04 + SNazSO, 

+4H2O + 4CO2 

In view of the fact that the proportion of sodium aluminum sulfate in 
combination powders is generally much greater than that of monocalcium 
phosphate it is highly probable that the over-all leavening reaction in- 
volves the several reactions indicated above. It appears practically certain 
that during the latter part of the baking period at least some of the sodium 
aluminum sulfate reacts independently of the monocalcium phosphate. 
This is illustrated in Figure 7 ^P- 455) by the side wall break in the biscuit 
after the dough has set. 

The reaction of sodium acid pyrophosphate and sodium bicarbonate 
in doughs proceeds slowly at room temperature and rapidly at baking 
temperatures. The equation for the reaction is generally written as follows: 

Na2H2P207 + 2 NaHCO» -> Na4P207 4 - 2H2O + 2CO2 

It is possible that some hydration of the sodium acid pyrophosphate 
takes place during the reaction with the result that part of the reaction 
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may proceed in accord with the equation: 

4- 2NaHC03 2Na2HP04 + H2O + 2CO2 

However, most authorities agree that the first equation more correctly 
describes the reaction. 

Barackman'* has shown that the reaction proceeds quite differently in 
water, biscuit doughs, and doughnut doughs at room temperature. With 
mixtures of sodium acid pyrophosphate and sodium bicarbonate propor- 
tioned to yield 200 cc (100 per cent) of CO 2 gas upon complete reaction, 
Barackman conducted rate tests using water, biscuit dough and dough- 
nut dough at 27°C, and reported on the total CO 2 liberated, the amount 
retained in the dough, and that lost by escape from the dough. These data 
modified to show milk-type biscuits is partially presented in Table 3. 


Table 3. Volume in Cubic Centimeters op CO2 Evolved in the Reaction op 
Sodium Acid Pyrophosphate and Soda 


Time 

(Mins.) 

Water. Total 
CO 2 Liberated 

Biscuit Dough (milk-type) 

Doughnut Dough 

Total COa 
liberated 

COa held in 
dough 

CO 2 

lost 

Total COj 
liberated 

CX)j held in 
dough 

CO 2 

lost 

i 

84.3 

27.0 



25.6 



1 

111.3 

32.0 



36.0 



2 

120.4 

47.0 

17.0 

30.0 

40.5 

4.5 

36.0 

4 

124.2 

57.5 

23.0 

34.5 

44.7 

6.7 

38.0 

7 

125.9 

64.0 

29.0 

35.0 

48.1 

9.0 

40.1 

10 

127.6 

67.5 

32.0 

35.5 

52.0 

10.5 

41.5 

15 

129.4 

70.0 

34.0 

36.0 

56.7 

12.7 

43.0 


The data in the above table show that the reaction characteristics of 
sodium acid pyrophosphate vary considerably depending on the nature of 
the reaction medium. These data, are illustrated by the (B) curves in 
Figure 6. 

Similar reaction rate data for monocalcium phosphate monohydrate, a 
commercial sodium aluminum sulfate-monocalcium phosphate combina- 
tion powder and coated anhydrous monocalcium phosphate are respectively 
illustrated by curves (A), (C) and (D) in Figure 6. 

The data show that the four designated types of baking acids react 
with sodium bicarbonate in distinctly characteristic manner, and that the 
reaction rate will vary with each type of baking acid according to the type 
of dough or batter in which it is employed. 

The effect of the residual salts of various baking powders upon the col- 
loidal properties of bread doughs was investigated by Smith and Bailey^. 
Variations in the ash and gluten contents of the different types of fiour, 
such m hard and soft wheat fiour, affect the alkalinity and nature of the 
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residual salts, the rate of gluten development, etc. These factors directly 
and indirectly affect the leavening reactions and baking results. 

The practical value of the various leavening agents is !)est appraised 
by making actual baking tests under controlled conditions. The desired 
type of baked product is made by formulating definite dough mixtures 
with specified leavening agents, observing the action of the dough prior 
to the bake and evaluating the baked product. 

The baking tests are made according to the standard procedure outlined 
by the American Association of Cereal Chemists to enable the baking 
expert to properly evaluate the various factors .under investigation. The 



Figuke 6. Reaction rate characteristics (at room temperature) of several baking 
acids mixed with sodium bicarbonate. 


type of flour used in the tests should be that which is most suitable for the 
desired baked product. 

After selecting a suitable type of flour, other ingredients, such as salt, 
flavoring, shortening, leavening agents, and water or milk are added and 
mixed to form a dough or batter. The dough is then baked and the resulting 
products evaluated. 

Table 4 presents the results of typical baking tests using a standard 
biscuit formula with several types of phosphate leavening agents. 

The data in Table 4 illustrate the typical differences in the baking char- 
acter of the four designated phosphate containing leavening agents. No 
conclusions are drawn here as to which type of baking acid is best for 
biscuit baking, but this data in the hands of the baking expert aids him in 
selecting the baking acid most suitable for a particular purpose. 

In addition to data of the above type the baker relies on his visual ob- 
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servatioBS of the action of the dough during baking operations and other 
factors to aid him in his final evaluation. Observations of this type are 
partially recordable through use of the camera. 

Figure 7 shows a series of photographs illustrating the leavening action 
of typical phosphate-containing baking powders at successive intervals 
during the baking of test biscuits. The original doughs in each case were 


Table 4. Biscuit Baking Tests 


Type of Leavening Agent 

Monocalcium 

Phosphate 

(Monohydrate) 

Monocalcium 
Phosphate 
(Coated Anhydrous) 

Sodium 

Acid 

Pyrophosphate 

Sodium Aluminum 
Sulfate*® Plus 
Monocalcium 
Phosphate*® 
(Monohydrate) 

Neutralizing value 

80 

83.4 

71.6 

90 

Soda level (% of 

1.5 

1.25 

1.5 

1.5 

flour) 1 

Type of dough 

Harsh and 

Soft and 

Very soft 

Slightly harsh 


short 

smooth 

and smooth 

and slightly 

Weight of 7 doughs 

222 

240 

237 

short 

1 239 

(grams) 

Height of 6 biscuits 

n i 

10 

84 

1 

(inches) 

Specific volume of 
biscuit : 

(a) on wt. of 

2.02 

2.58 

; 2.11 

2.24 

dough (expan- 
sion) 

(b) on wt. of 

2.42 

2.81 

2.65 

2.66 

biscuit (light- 
ness) 

Crumb color 

White 

Very white 

Creamy white 

White, slight- 

pH value of crumb 

7.26 

7.25 

7.8 

ly creamy 
7.5 

Biscuit side wall 

Slight split 

Smooth 

Smooth 

Beep split 


formulated on a uniform sodium bicarbonate basis. The top row illustrates 
the action of sodium acid pyrophosphate. It will be noted here that the 
leavening action is substantially complete by the time the dough is set, 
resulting in biscuits having smooth side walls. The second row shows the 
use of a sodium aluminum sulfate-monocalcium phosphate combination 
powder. The photographs show that a considerable amount of leavening 
gas is liberated after the dough is set resulting in a deep split biscuit. The 
third row illustrates the use of monohydrated monocalcium phosphate. 
The bottom row indicates the action of coated anhydrous monocalcium 
phosphate. Here it will be observed that the leavening action is substantially 
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completed at the end of 4 minutes, before the dough has set, and that bis- 
cuits with smooth side walls are obtained. 

Baking Powdeks 

Baking powders as we know them today are defined^^ as '‘the leavening 
agents produced by the mixing of an acid-reacting material and sodium 
bicarbonate with or without starch or flour. It yields not tess than 12 per 


Figure 7. Photographs of biscuits at different intervals (minutes) during the 
baking operation. Top row — Sodium acid pyrophosphate is employed. Second row — 
Combination of sodium aluminum sulfate and monocalcium phosphate is employed. 
Third row — ^Monohydrate monocalcium phosphate is employed. Bottom row — Coated 
anhydrous monocalcium phosphate is employed. 

cent of available carbon dioxide”. This definition permits considerable 
leeway in selection of the acid ingredient. For purpose of the present dis- 
cussion only the monocalcium phosphate and sodium acid pyrophosphate 
type baking acids will be considered. 

In view of the fact that baking powders contain both acid and basic 
reactants it is necessary to use extreme care in the selection and mixing 
of the components in order to avoid premature reaction and loss of carbon 
dioxide under normal storage conditions. In most cases the sodium bi- 
carbonate and the phosphate baking acid are in granular form. This re- 
duces the surface contact between the reactants. Cornstarch is also included 
as an inert component of the mixture to coat the reactant particles and 
further reduce their points of direct contact. The starch also serves as a 





456 


PHOSPHORIC ACID AND ITS DERIVATIVES 


filler which enables the manufacturer to formulate the powder so that a 
standard amount of available carbon dioxide is present per unit weight of 
baking powder. The standard practice is to formulate the mixtures so that 
the freshly prepared powders will contain approximately 14 per cent of 
available carbon dioxide. 

Phosphate containing baking powders are of two general types, namely, 
straight phosphate powders and combination powders. Straight phosphate 
powders contain monocalcium phosphate as the sole acid ingredient, 
whereas combination powders contain both monocalcium phosphate and 
sodium aluminum sulfate. Perhaps baking powder containing coated an- 
hydrous monocalcium phosphate should be defined as a special straight 
phosphate powder because of its different reaction rate character. A straight 
phosphate powder containing the ordinary monocalcium phosphate mono- 
hydrate will liberate approximately two-thirds of its leavening gas during 
the dough-mixing stage. A large proportion of this gas escapes from the 
dough and is not available for leavening purposes. With straight phosphate 
powders containing the coated anyhydrous monocalcium phosphate less 
than one-fourth of the leavening gas is lost in the dough mixing stage, 
leaving most of the leavening gas to be liberated in the early part of the 
baking period*. With combination powders the monocalcium phosphate 
monohydrate causes generation of a portion of the leavening gas in the 
dough-mixing stage while the sodium aluihinum sulfate component of the 
powder reacts more slowly resulting in liberation of a large proportion of 
the leavening gas in the baking stage. 

Table 5 shows the analyses and general baking quality of a number of 
straight phosphate and combination baking powders found on the market. 
The shelf life history of these powders is unknown but none has deteriorated 
sufficiently to prevent them from being considered typical of the various 
baking powders available to the housewife. 

Baking powders containing sodium acid pyrophosphate, while quite 
popular in Europe, have found little favor in this countiy for household 
use. Their principal use in this country is in the manufacture of high 
strength baking creams and powders for the cake making industry. A 
baking cream is usually prepared by mixing a sufficient amount of corn 
starch with sodium acid pyrophosphate to bring the neutralizing strength 
to about that of cream of tartar, namely, 50 per cent. Such baking creams 
are sold to the baker who mixes them with sodium bicarbonate in the 
proportion of two to one by weight. 

Baking powders are sensitive to moisture and should be kept where 
possible in closed containers in a dry atmosphere. Under normal storage 
conditions baking powders slowly deteriorate due to absorption of moisture 
from the air permitting a slow reaction between the baking acid and the 
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o 

28.4% 

33.8 

37.8 

100.0 

Anhydrous 

coated 

Gran. 

14.9% 

0.4 

14.6 

20.1 

None 

lOi 

^4 

606 

3.0 

7.36 

(ah 

31.2% 

13.4 

22.1 

33.3 

100.0 

Hyd. powd. 

Powd. 

16.1% 

1.0 

15.1 

7.4 

14.6 

8i 

208 

440 

2.52 

8.2 

w 

28.2% 

12.7 

19.6 

39.6 

100.0 

Hyd. gran. 

Gran. 

14.5% 

0.7 

13.8 

7.0 

12.9 

8 

213 

450 

2,44 

7.9 

p 

30.1% 

6.2 

27.6 

36.1 

100.0 

Hyd. powd. 

Powd. 

16.5% 

0.8 

14.7 

3.4 

18.2 

8i 

225 

470 

2.42 

7.5 

o 

28.0% 

10.7 

21.4 

39.9 

100.0 

Hyd. gran. 

Gran. 

14.4% 

1.1 

13.3 

6.9 

14.1 

8i 

228 

510 

2.60 

8.15 

PQ 

27.0% 

31.5 

41.5 

100.0 

Hyd. gran. 

Gran. 

13.9% 

0.6 

13.3 

17.4 

None 

•8 

205 

450 

2.58 

7.8 


27.2% 

34.0 

38.8 

100.0 

Hydrate gran. 

Gran. 

14.0% 

0.5 

13.5 

18.8 

None 

n 

199 

410 

2.42 

7.3 


Approx. Composition 

Sodium bicarbonate 

Monocalcium phosphate 

Sodium Alum, sulfate 

Starch 

Type of monocalcium phosphate 
used 

Sodium bicarbonate 

Analyses 

Total CO 2 

Residual CO 2 

Available CO 2 

P 2 OS 

SO 3 

Biscuit baking tests (1.5% soda 
level) 

Ht. of 6 biscuits (in.) 

Wt. of 7 doughs (gram) 

Vol. of 7 biscuit (cc) 

Spec. vol. (biscuit wt.) 
pH of crumb 
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sodium bicarbonate. The average shelf life of baking powders is approxi- 
mately one year, before the amount of available carbon dioxide is reduced 
below the 12 per cent legal limit. In air-tight containers the life of a properly 
prepared baking powder may sometimes be extended for several years. 

Self-Rising Flour and Prepared Mixes 

111 the Federal Register of October 30, 1948, the Food and Drug Ad- 
ministration in paragraph 15.50 defines self -rising flour as follows: 

“Self-rising flour, self-rising white flour, self-rising wheat flour, is an 
intimate mixture of flour, sodium bicarbonate, and the acid-reacting sub- 
stance monocalcium phosphate or sodium acid pyrophosphate or both. It 
is seasoned with salt. Wiien it is tested by the method prescribed in para- 
graph (c) of this section not less than 0.5 per cent of carbon dioxide is 
evolved. The acid-reacting substance is added in sufficient quantity to 
neutralize the sodium bicarbonate. The combined weight of such acid- 
reacting substance and sodium bicarbonate is not more than 4.5 parts to 
each 100 parts of flour used.^’ 

A typical general purpose self -rising flour may contain 1,5 lbs of sodium 
bicarbonate, 1.87 lbs of monocalcium phosphate (monohydrate) and 2.0 
lbs of salt per 100 lbs of flour. By substituting coated anhydrous mono- 
calcium phosphate for regular monocalcium phosphate the formula would 
change to 1.25 lbs sodium bicarbonate, 1.50 lbs coated anhydrous mono- 
calcium phosphate and 2.0 lbs of salt per 100 lbs of flour. 

With other types of prepared mixes such as pancake, waffle, and special 
self-rising flour mixes the flour is usually blended to include other types of 
flours such as com flour, soya flour, rice flour, buckwheat flour, etc. The 
baking powder ingredients, flavoring, etc., are varied according to the 
results of numerous baking tests conducted in the service laboratories of the 
different manufacturers of such mixes. Some manufacturers add powdered 
buttermilk, dried skim milk, or com sugar to their pancake mixes, in 
quantities up to 5 to 7 per cent, in order to produce the golden brown 
color on the surface of the cake and make it more attractive and palatable. 

It is generally necessary to increase the amount of leavening agent in 
pancake and waffle mixes as compared to plain self-rising flour because 
of the different character of the batter and baked goods. A typical pancake 
flour will contain about 1.75 to 2.00 lbs of sodium bicarbonate and 2.0 to 
2.30 lbs of the baking acid per 100 lbs of flour. 

As in the case of regular baking powder compositions it is necessary 
in self-rising flour mixtures to maintain a correct balance between the 
baking acid and sodium bicarbonate in order to avoid the disadvantages of 
alkaline or acidic residual salts in the baked product. 

In the preparation of self-rising flours the acidic phosphate salts are 
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thoroughly mixed with the flour before adding the sodium bicarbonate. 
This avoids unnecessary direct contact of the reactants and results in a 
stable self-rising flour product having a long shelf life. Under normal 
storage conditions the leavening ingredients will retain their baking ef- 
ficiency as long as the flour itself remains sound. 

Phosphated Floue 

Phosphated flour is defined as plain flour to which from 0.25 to 0.75 
per cent monocalcium phosphate has been added®. The practice of adding 
monocalcium phosphate to all-purpose family flour was started in the 
south about 30 years ago primarily to offset undesirable alkaline conditions 
in baked products generally resulting from the use of too much soda when 
making sour milk biscuits, etc. It has since been found that the added 
phosphate has several other advantages. It has a desirable conditioning 
effect on the gluten yielding a softer and more plastic dough, and prevents 
“rope development’’ in yeast doughs made from such flours. It is also 
claimed that the extra calcium and phosphorus has an important health 
advantage. 

Today, more than two-thirds of the all-purpose family flour sold in the 
south contains added phosphate. This phosphate is generally added in the 
form of finely divided monocalcium phosphate monohydrate or anhydrous 
monocalcium phosphate. The amount normally included is about 0.5 per 
cent of the hydrated or 0.4 per cent of the anhydrous type phosphates. 

Flour enrichment has become an important factor in recent years. Stand- 
ards adopted by the Food and Drug Administration® provide that each 
pound of enriched flour shall contain from 2.0 to 2.5 mg of thiamine, 1.2 
to 1.5 mg of riboflavin, 16.0 to 20.0 mg of niacin or niacinamide, and 13.0 
to 16.5 mg of iron. Enriched flours to which calcium is added as an optional 
ingredient must contain from 500 to 625 mg of calcium (Ca) per pound of 
flour. To meet this requirement for enriched phosphated flours the phos- 
phate manufacturers have developed a special grade of high calcium con- 
taining monocalcium phosphate. This product is essentially a monocalcium 
phosphate containing dicalcium phosphate, in which the ratio CaO to 
F 2 O 6 is approximately 0.5 Such a product when added to flour in the 
amount of 0.5 per cent will supply the necessary calcium (500 mgs/lb 
flour) to meet the calcium enrichment definition. 

“Rope” development in yeast leavened bread is a disease due to the 
activity of some form of Badllus rtyesentericus infection of the flour®. 
It is effectively controlled or prevented by including monocalcium phos- 
phate in the flour used for making the yeast leavened doughs. When a 
serious infection develops it may be necessary to employ as much as 0.5 
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per cent of monocalcium phosphate to prevent rope development in the 
bread, until the source of infection is located and eliminated. 

Cake making is a highly specialized field, and for optimum results 
it is necessary to select critically both the type of flour and type of leavening 
agents to be employed. Normally cake batter is relatively thin and is not 
appreciably aerated before placing the batter in the oven. In view of this 
condition, the type of baking acid used should be one which has a delayed 
or slow reaction rate with sodium bicarbonate during the batter-mixing 
period. Sodium acid pyrophosphate is most generally used for this purpose. 
Coated anhydrous monocalcium phosphate is quite suitable for cake mak- 
ing, especially in the home where only small volumes of batter are handled 
at one time. 

Bread Improvers 

Bread improvers, many of which contain a phosphate component, are 
employed extensively by large commercial bakers to improve the quality 
of yeast-leavened products. The so-called bread improvers generally in- 
clude ammonium and calcium salts to stimulate growth of the yeast cells. 
Small amounts of bromates or iodates, etc., are generally included in the 
compositions to decrease the proteolytic action of the enzymes natural to 
flour and yeast, and thus prevent softening of the doughs during processing 
in the bake shop. 

The calcium salt generally used for this purpose is monocalcium phos- 
phate. A typical bread improver composition is illustrated by the following 
formula: 



(%) 

Ammonium sulfate 

7.6 

Monocalcium phosphate 

50.0 

Potassium bromate 

0.3 

Salt 

20.0 

Starch 

22.2 


From 0.25 to 0.5 per cent of such composition added to flour will give 
noticeably improved results in the production of yeast leavened bread. 

Nutritional Vadue 

No inorganic element plays such a vital and complex role in the structure 
and functions of the human body as the element phosphorus. The bones, 
muscle tissues, nerve cells, etc,, require iiew supplies daily of assimilable 
phosphorus compounds. Such compounds must be supplied in the diet. 
V. K. LaMer^® gave an excellent summary of the literature and presented 
experimental evidence showing that calcium phosphates having a Ca to P 
ratio between 1:1 and 2:1 are the most readily available forms of these 
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elements in the diet. LaMer and others^^ have demonstrated the necessity 
of maintaining a balanced relation between the calcium and phosphorus 
intake even though the functional processes of the body seem to concen- 
trate the calcium in the bones, whereas the muscle tissues, nerve cells, 
etc., utilize complex organic phosphorus compounds synthesized in the 
body processes. 

Future Trends 

In view of the improvements in the quality and baking characteristics 
of the chemical leavening agents in the past decade or so, it is expected 
that further improvements will be made in the future particularly in the 
keeping quality and reaction rate characteristics of the baking acids. It 
is not likely that the trend will be away from phosphate types because of 
their inherent value from the nutritional standpoint. Prepared flour mixes, 
inclif^ng correctly proportioned leavening agents and other nutritionally 
desirable additives probably will tend to supplant the plain family flour, 
because of the ease with which the housewife may make the perfectly 
leavened baked products by simply mixing the flour with water and 
shortening to form the dough. 

Progress and development in the field of leavening agents has been 
paralleled by the issue of patents covering the more important improve- 
ments, and for those who wish to make a more complete study of the art a 
list of the United States patents pertaining to phosphorus compounds 
related to the baking industry is included in Table 27 in the Appendix. The 
assistance of Mr. W. A. Vater in the preparation of this list is greatly 
appreciated. 
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24. Phosphate Water-Softening and 
Cleansing Products 

C* Rogers McCullough 

Monsanto Chemical Company 

Practically all natural waters contain impurities in varying amounts. 
These impair their value for industrial uses such as boiler feed water, city 
supplies of potable water, in laundering, and for the textile and various 
other chemical industires. The sodium salts of orthophosphoric acid and 
their derivatives, the metaphosphates, pyrophosphates and the so-called 
polyphosphates are playing an increasingly important role in the treat- 
ment of water for these various purposes. 

The commonly occurring dissolved salts which render the water hard 
are the bicarbonates, carbonates, sulfates, chlorides and nitrates of calcium 
and magnesium, and the sulfates of iron and aluminum^ Silica is also 
found in many waters and becomes important especially in the case of 
boiler feed water. It does not contribute to hardness but it does form boiler 
scale and is an important cause of turbine fouling. The removal of these 
impurities is called water-softening, and this operation is carried out by 
industries, residences, and municipalities. 

The suspended material is removed by coagulation, settling and filtra- 
tion. Bacteria are destroyed by chlorination or other processes. The dis- 
solved salts are removed by a variety of processes in some of which phos- 
phates play an important role. Schwartz and Munter^®® give an excellent 
review of the role of phosphates in water softening. The various phosphates 
used for this purpose, their functions and the methods employed in manu- 
facturing them are described and discussed in this chapter. 

Treatment of Boiler Waters 

Some years ago, and even today in a number of primitive and small 
boiler installations, certain natural waters could be fed to the boilers with- 
out serious consequences. However, in the present large installations for 
industrial and public utility use, and even for locomotives, it is desirable 
and often necessary to treat the water before feeding it to the boiler. The 
use of water improperly treated will result in the build-up of scale on the 
heat-transfer surface which acts as a heat insulator®® resulting in losses of 
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efficiency of 7 to 16 per cent^"^. In modem boiiers the rate of heat transfer 
is so high that the deposition of scale will cause overheating of the boiler 
tubes and subsequent blistering and rupture. Boiler waters are also treated 
to avoid cracking and corrosion. The proper treatment of boiler water is a 
complex subject with an extensive literature as each natural water and 
each boiler installation has individual requirements. Those interested in 
this general problem should consult the work of R. E. Hall et 
dealing with scale formation and boiler-water treatment and the study by 
Schroeder and Berk^®^ on boiler cracking. 

Internal Treatment 

When the steaming rate of a boiler is comparatively low or the available 
natural water is low in hardness it is feasible to add treating chemicals 
directly to the raw feed water and allow the precipitation of salts to occur 
inside the boiler. Phosphates^^- are generally used because they reduce 
the solubility of the scale-producing ions to a very low figure, they control 
pH, and form flocculent precipitates which remain suspended and re- 
movable in the boiler blow-down. Phosphates have been used in boiler 
treatment since 1886®^. 

Di- and trisodium phosphate probably react with the salts of calcium, 
magnesium and iron to form insoluble phosphates according to the follow- 


ing reactions:* 

SCaCOa + 2 Na 3 P 04 Caa (P 04)-2 4- SNaa CO 3 ( 1 ) 

3MgS04 4- 2Na3P04 ^ Mgs (P04)2 4 3Na2 SO4 (2) 

FeCb 4- Na 3 P 04 FeP 04 4- 3NaCl (3) 

3Ca(HC03)2 + 2Na3P04 Ca3(P04)2 4- eNaHCOa* (4) 

Ca(HC03)2 4 Na2HP04 CaHP04 4 2NaHC03* (5) 

CaS04 4 Na2HP04 CaHP04 4 Na2S04 (6) 


Trisodium and disodium orthophosphates are used in a large number of 
the patented boiler compounds'®®. Various combinations have been pro- 
posed such as the addition of ammonium salts®^; caustic soda"®; complex 

* The calcium phosphate precipitate, reaction (1), is usually written 
Ca 3 (P 04)2 even though the precipitate is probably calcium hydroxy apatite 
[Ca 3 (P 04 ) 2 ] 3 * Ca(0H)2. In reactions (4) and (5) the NaHCGa breaks up to give Na2C03 
water and CO 2 , the CO 2 passing off in the steam. Some break down of Na 2 G 03 to 
NaOH and GOa also occurs, the amount depending on temperature and composition 
of the solution. 

It is doubtful if FeP 04 or CaHP 04 are ever present in the sludge of operating 
boilers. These compounds will react to form iron hydroxides and hydroxyapatite 
respectively. 
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silicates^®’ a mixture of sodium amalgam, tannin, kerosene, whale or 
seal oil, and sodium hydroxide^; sodium carbonate, lime, sodium silicate, 
caustic soda, and sodium bichromate^®, soap^®, sodium carbonate, dextrin 
or starch, and cutch (a substance obtained from the bark of Mangrove 
trees) to yield tannic acid®; various acidic substances, e.g., H3PO4, H2SO4, 
sodium carbonate and starch, to one or more phosphate saits^^h 
These compositions are all claimed to have various advantages such as 
lack of priming (ejection of water from the boiler along with the steam), 
non-adherence of scale^^b prevention of embrittlement^®^, and reduction of 
foam, as well as supension of the precipitates and the elimination of scale 
deposits on the heating surfaces. 

Phosphate Sequestering Agents 

When phosphates are added to the feed water line the calcium and 
magnesium phosphates precipitate immediately and cause blocking of the 
line. Hall and Jackson^® patented the use of molecularly dehydrated phos- 
phates for addition to the feed water. Glassy sodium metaphosphate forms 
soluble complexes with calcium and magnesium compounds, keeping these 
in solution so that the addition of carbonate, orthophosphate or soap 
does not produce a precipitate. This action of sodium metaphc^phate is 
termed sequestering and is usually written as follows: 

NadPOsls + Ca++ ions Na4 Ca (POds 4- 2Na-^ 

Actually, the structure of glassy sodium metaphosphate is not known^®*, 
nor is the sequestering reaction thoroughly understood. The ratio of metal 
phosphate (PO3) to the ions being sequestered (calcium, magnesium, iron, 
etc.), varies somewhat with concentration, pH, and the character of the 
metaphosphate or polyphosphate groups. Phosphates other than meta- 
phosphates have the power to sequester. For example, HalP® has patented 
the use of molecularly dehydrated phosphates and specifically mentions 
pyrophosphates as addition agents for boiler feed water. He also discloses 
the use^^^ of pyrophosphates as a means of holding magnesium ions in solu- 
tion in a non-ionic form without substantially sequestering calcium ions 
so that the water may be passed through a zeolite for the preferential 
removal of calcium ions. 

Various phosphate sequestering agents are described and compared by 
Gilmore®®, Eudy et Huber®’', Durgin et aU^\ Corsaro®*, Jackson^®, and 
Hatch®®. Phair“^ in his book on -^Colloid Chemistry” discusses the seques- 
tering action of polyphosphates on calcium and magnesium. Further dis- 
cussion of these polyphosphate, especially in connection with washing 
operations are given by Mann and Ruchhoft®b Methods of making mono- 
meric and polymeric sodium triphosphate are described in patents issued 
to Elng^®. 
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Under the high-temperature conditions existing in the boiler the meia 
of other complex phosphates reacts ^dth water and reverts to orthophos- 
phates which react with the calcium and magnesium, (or other ions causing 
hardness), to form precipitates. The reversion of metaphosphates also neu- 
tralizes alkalinity since the orthophosphates formed are acidic. The reac- 
tion can be simply written. 

(NriPOa)n + iiH-iO uNaII,P04 

External Softening 

Generally speaking, the larger and more modern boiler installations 
soften the water externally to the boiler to a large extent. The commer- 
cially used systems are the lime-soda, both hot and cold, and the ion-ex- 
change or zeolite type softeners, and sometimes phosphate^^' The effluent 
from these softeners is practically always treated with phosphates (gen- 
erally meta- or polyphosphates) since, there is usually a small amount of 
hardness remaining when the softener is in normal operation. The phos- 
phates also provide a safety factor for accidental entrance of raw water, 
a necessary precaution with modern high rating boilers. 

Hot lime-soda softeners can be obtained with guarantees of 25 ppm of 
hardness as calcium carbonate (1.2 grains per gallon) using excess soda 
ash of 1.5 grains per gallon but theoretically and in actual operation the 
hardness can be reduced to 10 to 15 ppm (0.6 to 0.9 grains per gallon^O 
or perhaps lower in certain cases by cariying a greater excess of soda ash. 
In the case of cold lime-soda softeners sometimes hardness values of 51 
ppm are obtained in the effluent, and sodium phosphate and caustic soda 
are added to. correct for this’'^. 

Reigner^^® has discussed the lime-soda softener and believes that theo- 
retical reduction of hardness is not reached because of the sub-microscopic 
particles of CaCOg remaining in the water. Lime-soda and zeolite softeners 
are used to remove the bulk of the hardness before adding phosphates in 
order to reduce cost, as pointed out by Weiss^^^^. Zeolites or ion-exchange 
resins may be used in place of the soda-lime treatment in the preliminary 
softening of water. These ion-exchange systems can be arranged so as to 
remove all ion constituents and produce the equivalent of a distilled water 
containing a few parts per million of dissolved substances, but the cheaper 
ion-exchange systems which remove calcium, magnesium, aluminum and 
iron ions and replace them by sodium ions are more generally used. Under 
these conditions the total amount of material dissolved in the water is 
not appreciably changed. 

In a typical ion-exchange installation for a 675 psi boiler, treating a raw 
water containing approximately 130 ppm of dissolved calcium and mag- 
nesium chiefly as sulfate, the raw water passes through the following steps: 
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The ion-exchanger removes the calcium and magnesium ions replacing 
them by sodium ions. The water is then passed through a deaerator-heater 
operating at 220®F and CO 2 and oxygen are removed as far as possible. 
Then a small amount of sodium sulfite solution is added to combine with 
any residual oyxgen. The water is then treated with a small amount of a 
solution of glassy sodium metaphosphate and caustic soda to adjust the 
boiler water alkalinity to about 200 ppm as hydroxide, and then pumped into 
the boiler. In normal operation this boiler has a continuous blow-down of 
approximately 8 per cent of the feed water so as to maintain the total solids 
in the boiler water at 1800 to 2200 ppm. The boiler water contains sus- 
pended matter, mostly calcium phosphate and magnesium silicate (ser- 
pentine) to the extent of 30 to 40 ppm. Serpentine is preferred over mag- 
nesium phosphate as a precipitate since it adheres less. Under these con- 
ditions this boiler operates continuously without any scale deposition on 
the heating surfaces. 

High-Pressure Boiler Operation 

When boilers are operated at 200-pound pressure and above, any sodium 
carbonate dissolved in the water decomposes to liberate CO 2 which goes 
off in the steam leaving sodium hydroxide in the boiler water®^ Excess 
alkalinity, however, has been recognized as a cause of intergranular cor- 
rosion and cracking at highly stressed areas of the boilers^®^ and means must 
be taken to keep the caustic alkalinity within certain limits® 

It is necessary for boilers operating at 700-pound pressure or above to 
have feed water practically completely deaerated, of zero hardness and 
with an accurate control of pH and total solids. These factors are discussed 
by Sitter and Massey^®®. Records are available for the operation of boilers 
at 1700-pound pressure for a period of years using phosphate treatment 
successfully There are a number of careful studies of the equilibrium 
conditions within the boiler by Clark et Ammer^, Kostrikin^®, and 
by Schlapfer and Lehner^®®. An excellent review of the progress which has 
been made in the design and operation of boilers chiefly on account of the 
use of phosphates is given by Partridge and Purdy^®^. Potassium phosphates, 
as well as sodium phosphates, have been used for boiler-water treatment 
as described by Berk and Rogers^® and Hankinson and Baker®^. See also 
the basic patent by HalP^ on the use of potassium salts for boiler con- 
ditioning. Various means of supplying polymeric phosphates to boiler 
water are described by Hall and Jackson'*®, Bird*^ Wilson*®^, King^®, 
Smith*®^ Durgin d Taylor*^, and Hall and Munter®®. The advantages 
of these substances are convenience in handling, ability to prevent im- 
mediate precipitation of calcium and magnesium, and their control of 
alkalinity by hydrolysis to more acidic phosphates in the boiler. 
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Marine boilers are a special case since they are designed for very high 
rates of steam generation per unit of surface. These boilers are usually fed 
with distilled water, but even in this case, phosphates are customarily 
added to the feed water, as described by Purdy^^®, as insurance against 
scale formation. 

Thresholb Treatment of Water 
Suppression of Calcium Carbonate Deposition 

In the process of adding ammonia to irrigation water for fertilizer pur- 
poses the resultant alkalinity ordinarily causes the precipitation of calcium 
carbonate. Rosenstein^^- found that the addition of 1 ppm of a soluble 
metaphosphate prevents this precipitation. This interesting phenomenon 
has been studied quite extensively by Rice and Partridge^^® who showed 
that 1 to 5 ppm of glassy sodium metaphosphate prevent precipitation in 
bicarbonate waters used in cooling systems and heat exchangers; they also 
prevent the after-precipitation of calcium carbonate in water from lime- 
soda softeners”. The authors believe that this so-called threshold method 
is superior to all others that have been tried heretofore. This method is 
used quite extensively to avoid deposits in engine cooling systems as de- 
scribed by Mathews®^, Yetman^^^, and Simons^^^. Fink and Richardson^ 
describe the addition of polyphosphoric acid to boiler feed water in quan- 
tities not exceeding 9 ppm. Air conditioning systems also have scale and 
corrosion problems and in these glassy metaphosphates and polyphos- 
phates are used effectively^^^. A study of the mechanism indicates that 
apparently the polymeric phosphate ions are strongly adsorbed on the 
embryonic crystals of calcium carbonate and inhibit their further growth^^®. 

Corrosion Inhibition 

It was also found that these ions are adsorbed on metal surfaces and 
inhibit corrosion. As a result of these discoveries a number of municipal 
softening plants have utilized glassy sodium metaphosphate to prevent the 
deposition of calcium carbonate in the filter beds and pipelines subsequent 
to lime-soda softening®^' Rice, Partridge and Hall”^ claim not only 

prevention of deposits and corrosion by the threshold treatment, which 
they define as 1 to 2 ppm of glassy sodium metaphosphate, but also the 
gradual solution of old scale. HalP^ calls glassy sodium metaphosphate the 
Cinderella of the phosphates, and points out that it suppresses the ioniza- 
tion of many metallic salts in solution, coagulates albumin, has a high 
dispersive action, and stabilizes supersaturated solutions of calcium salts, 
especially calcium carbonate. There are a number of other publications 
describing in detail experiences with sodium metaphosphate in various 
municipal water systems®’ m, im. Moore^® 
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and Pailo^°® however doubt the effectiveness of metaphosphate in pre- 
venting or reducing corrosion. Navet^®^ described experiments showing 
that the hexametaphosphate (glassy metaphosphate) ion forms stable com- 
plex compounds with iron in the presence of sodium carbonate^ ammonium 
hydroxide, and sodium hydroxide. By the use of 5 ppm of glassy sodium 
metaphosphate and adjustment of the pH to 10 to 11 by sodium carbonate, 
a mineral water containing 21 ppm of iron was stabilized so that no iron 
or manganese precipitated for a period of two months. This author also 
claimed that the metaphosphate inhibited the oxidation H 2 S and the evolu- 
tion of C02- 

McCarthy and Cassidy®^ found that the addition of phosphates to raw 
water increases the rate of bacterial growth. ■ The increase of growth is 
enormous with metaphosphate and it is recommended that sodium hypo- 
chlorite be added along with the metaphosphate when treating potable 
waters. Orthophosphate gives a smaller increase and pyrophosphate gives 
the least increase in rate of growth of bacteria. Ingleson and Thomas®® 
report that 2 ppm of glassy sodium metaphosphate decreased the amount 
of iron deposited in the distribution lines but not in the hot water systems. 
Hatch and Rice noted that in order to stabilize iron in waters, the meta- 
phosphate must be added before the iron-bearing water is exposed to air 
or chlorine. Calgon, Inc., and Albright & Wilson^* patented the use of 
“Calgon’’ (metaphosphate) to prevent the build-up of soft hydrated Fe 203 
in water pipes. “Calgon” must be added before the water is exposed to 
air or treated with chlorine or other oxidizing agents. 

Morgan and Swoope^®® and Kehren^^ studied the rates of hydration of 
commercially available pyro-, meta- and tetraphosphates to provide data 
on their useful life for corrosion inhibiting purposes in water-treatment. 
They found that the useful life is increased when the pH is maintained 
between 7 and 9. Higher temperatures increase the rate of hydration. Bell® 
made a careful study of hydration rates of dehydrated sodium phosphates. 
The Water Pollution Research Board of Great Britain made a review, July 
1, 1939 to December 1, 1945^, covering the whole subject of water treat- 
ment, including the use of phosphates, especially hexametaphosphates. 
Attempts have been made to prepare compositions of metaphosphate 
which are slowly soluble or have a low equilibrium concentration to obtain 
the desired value in water. One example is a glassy composition containing 
metaphosphate and AbOs^’'. 

Before the threshold treatment using sodium hexametaphosphate was 
discovered, other means of preventing the after-precipitation of calcium 
carbonate had been used. One interesting procedure was employed on a 
large scale at Columbus, Ohio®^, where phosphoric acid was added at the 
rate of 0.7 grains per gallon of water leaving the lime-soda softener. This 
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gave a fully carbonated water and a material reduction in residual hard- 
ness. McMurtie®® disclosed the use of phosphoric acid or acid phosphate to 
treat sewage sludge. The soaps and carbonates present are decomposed 
and a fiocculent precipitate of dicalcium phosphate is formed which carries 
down the solid or suvspended matter much of which contains nitrogen. It 
was proposed that the settled residue be used as a fertilizer but little has 
been done on this process in a commercial way. 

Treating Water for Cleansing 

There is a similarity between the problems of softening water for com- 
mercial laundries and for boiler use. In both instances it is desired to re- 
move from solution the calcium and magnesium compounds. In the case 
of boilers, the water is softened to avoid scale deposits on the boiler tubes 
and reduction of efficiency; in the case of laundries the water is softened 
to avoid reaction of the calcium and magnesium ions with soap to form 
sticky precipitates or curds. 

Soap Saving 

The formation of soap curds results in the waste of soap and also in 
imperfect cleansing of the cloth because of the adherence of the curd and 
the formation of streaks and stains. The deposition of soap curd on cloth 
is also supposed to shorten its life and often gives rise to objectionable 
odors due to the development of rancidity. The saving in soap which may 
be effected by reducing the hardness of the water is shown in Table 

Trisodium phosphate was one of the first phosphates used for softening 
water to be used for cleansing. Calcium and magnesium are precipitated 
as the phosphates and this avoids precipitation of soap curd. Moreover, 
the alkalinity of the water is increased, which is generally desirable for the 
neutralization of acidity in soiled clothes. It is customary for large com- 
mercial laundries to use water softeners either of the lime-soda, or ion- 
exchange type. The ion-exchange type is becoming increasingly popular 
because of the simplicity of operation. Subsequent to the softener various 
materials are added such as souring agents, bleaches, soap, soap builder, 
synthetic detergents, etc. Modern laundry practice has become a highly 
complex subject and the detergent mixtures used depend upon the type of 
clothes being washed, kind of water available, and the economics and 
availability of various detergent compounds. In an investigation of de- 
tergency Oesterling^^ and Harris and Brown®* studied the additive effect 
of NaOH, NagPO^, NaHCOa, Na2Si03, and Na2C03, as supplements to 
■soap. ' , 

Soap Builders 

Harris®® describes the effect of phosphate soap builders on the detergent 
efficiency of synthetic detergents of the dodecyl-benzene-sulfonate type. 
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He sliowed that tetrasodium pyrophosphate is one of. the best all-around 
builders for this purpose. These mixtures are particuiaiij" good for sea 
water. The same author^® stated that tetrasodium pyrophosphate is an 
excellent builder for soap. 

Rhodes and Winn^^^ studied the detergent action of soap in the presence 
of chlorides, sulfates, and phosphates and found that at the optimum pH, 
additions of salts increase and then decrease the detergent effect. The 
effect of the added salt is proportional to the valence of the anion. Gurtis®® 
patented a dry detergent mixture consisting of soap powder, NagPOi or 


Table 1. Saving of Soap Effected by Laundeies Using Softening Processes 


Name and Location of Laundry 

Hardness 

Quantity of Soap 
' Used (lbs) 

Saving 
of Soap 


Without 

Soften’g 

After 

Soften'f 

(%) 

Snow White Laundry, Wilmington, Bel. 

Grains 
per gah 

3| 

400 

150 

62 

City Star Laundry, Harrisburg, Pa. 

5 

772 

318 

59 

American Laundry, Grand Rapids, Mich. 

7 

973 

350 

64 

Walkerfs Laundry, Niagara Falls, N. Y. 

7 

400 

96 

76 

Yale Laundry, Washington, D. C. 

7 

621 

255 

59 

Kennedy Laundry, Chicago, 111. 

8 

1,872 

671 

64 

Glean Palace Laundry, Glean, N. Y. 

9 

170 

48 

72 

Westminster Laundry, St. Louis, Mo. 

9 

750 

250 

66 

Cascade Laundry, Great Falls, Mont. 

10 

580 

153 

73 

Imperial Laundry, Albuquerque, N. M. 

10 

800 

132 

83 

Crown Laundry, Indianapolis, Ind. 

19 

954 

502 

47 

Perfection Laundry, Springfield, Ohio 

20 

682 

224 

i 

67 

Average 



1 

66 


Na 2 C 03 , and a silica aerogel, for which is claimed anti-caking and emul- 
sifying action. 

In the 1930’s metaphosphates, pyrophosphates and various polyphos- 
phates became available and a variety of studies were made of the effec- 
tiveness of these materials as water-treating agents and builders for soap. 
Halh^ patented the use of NaPOs using a mole ratio to calcium compounds 
of at least four. Lindner®® studied the effect of organic detergent water- 
softeners versus metaphosphates in the presence of soap in hard waters. 
Metaphosphate actually softens the water and has the power to dissolve 
dried calcium soaps. Gilmore®® and Treffler^^® compared sodium metaphos- 
phate and tetrasodium pyrophosphate at pH 10 in dissolving calcium 
phosphate precipitate in the presence of soap. They concluded that sodium 
metaphosphate is more effective on a weight basis than pyrophosphate. 
At higher temperatures metaphosphate decomposes slowly in neutral solu- 
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tions and more rapidly in alkaline solutions, whereas pyrophosphate is 
unchanged during boiling and its softening and detergent strength are 
improved by alkali. 

Hatch and Rice®^ claimed that hexametaphosphate has surface-active 
properties in addition to its water-softening values. Gillet^® compared 
meta-, pyro-, and orthophosphates and pointed out that the metaphos- 
phates sequester calcium and magnesium, the pyrophosphates have a 
powerful peptizing and a marked specific solvent action on certain gums 
and resins, and the orthophosphates are good water softeners. 

Tetrasodium Pyrophosphate 

Tetrasodium pyrophosphate is an important component of soap powder 
compositions and Cobbs et claimed that it increases the effec- 

tiveness of other detergents because of its combined emulsifying and 
water-softening properties. Morrisroe and Newhalh®^ studied the effect of 
phosphate builders on the effectiveness of synthetic detergents and soap 
and concluded that tetrasodium pyrophosphate was superior to trisodium 
phosphate for this purpose. 

During World War II fats and oils were very scarce and synthetic de- 
tergents moved forward rapidly. Synthetic detergents are not the equal 
of soap for the removal of heavy soil, particularly from cotton fabrics, 
unless built with phosphates. Hersberger and Neidig®^ reviewed the status 
of synthetic detergents subsequent to the war when oil and fat prices were 
returning to normal and concluded that synthetic detergents built with 
tetrasodium pyrophosphate are as good as built soaps and will continue 
to be used. They found in their study that sodium tripolyphosphate is 
equally good or slightly better than pyrophosphate. 

Bowman^® discussed the properties of pyrophosphate and described the 
non-ionized salts which are formed by pyrophosphates when present in 
excess in solutions of Mg, Fe, Al, Mn, Zn, Cr, Cu, Ni, Ba, Sr. Vallance^^^, 
Janota and HulF\ Vaughn and Yittore^^®, reviewed the application of 
pyrophosphates in soap and allied industries. Kepferi® claimed increased 
water softening effect by dissolving tetrasodium pyrophosphate in hot 
water and then adding sodium metasilicate or disodium phosphate prior 
to precipitation of the hardness. Skeen'®^ reported that tetrasodium pyro- 
phosphate increases the lathering of coconut oil soap as well as that of 
certain wetting agents such as sulfonates. Rudy et and Huber®^ dis- 
cussed the calcium complexes of sodium hexameta-, tripoly-, tetrapoly- 
and pyrophosphates and their effect upon the precipitation, solution and 
dispersion of calcium soaps. These authors found that hexametaphosphate 
is much more effectb^e than tripolyphosphate. Gilmore et alA^ described a 
series of tests washing bundles of laundry in a commercial laundry using 
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sodium metaphosphate. The use of 20 pounds of metaphosphate in 4CXI 
gallons of soap solution gave excellent quality of work and material savings 
in soap. Phair”^ and Comaro^^ described the sequestering value of poly- 
phosphates for calcium and magnesium. 

Sodium Hexametaphosphate 

Sodium hexametaphosphate has been used in the textile industry to a 
considerable extent. Markuze®^ claimed that it decreased the fat content 
of silk and the time of washing, and thus resulted in better dyeing con- 
ditions. Volz^'^® patented the use of sodium hexametaphosphate or poly- 
phosphates for the washing of linen and other materials, and Rozee^® 
described the use of sodium tetraphosphate for the prevention of lime-^ 
soap precipitation upon wool. 

Dishwashing Compounds 

The w^ashing of dishes, bottles, cooking and eating utensils was formerly 
done entirely with soap and by hand. With the advent of dishwashing 
machines for hotels and restaurants the trend at first was toward strongly 
alkaline dishwashing compounds containing caustic soda, sodium meta- 
silicate, sodium carbonate, etc. It was soon found that the high tempera- 
tures and strong alkalinites used resulted in the etching of glasses and metal 
articles, espcially aluminum. It was also found that soap curd was re- 
deposited in many cases and not only gave a poor appearance but was a 
health hazard as well since it furnished material upon which bacteria 
could grow. Moreover, suds in any quantity interfere with the washing 
action. With the introduction of home dishwashing machines it was neces- 
sary to develop detergent compositions specifically designed for this pur- 
pose. HalF patented a soapless polyphosphate-silicate mixture and 
Schwartz and Gilmore^^^ described comparative-tests of polyphosphates 
and various dishwashing formulas. Mann and Ruchhoft® studied hexameta- 
phosphate, tetrasodium pyrophosphate and sodium tetraphosphates as 
sequestering agents to avoid calcium deposition upon utensils. Machils 
and Michaels®® recommended tetrasodium pyrophosphate over tftsodiura 
phosphate for dishwashing. MacMahon®® patented a mixture of sodium 
tripolyphosphate, trisodium phosphate or soda ash, sodium silicate and a 
surface-active agent as a dishwashing compound. Cosbie®® recommended a 
mixture of sodium metasilicate, trisodium phosphate, sodium carbonate 
and sodium hexametaphosphate mixed with caustic soda for the cleaning 
and sterilizing of bottles. Harding and Trebler®® studied the requirements 
for a detergent specifically for the dairy industry and concluded that the 
most effective cleansing agent should contain enough polyphosphate to 
keep calcium and magnesium salts in solution, a synthetic wetting agent, 
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and adequate alkalinity to dissolve denatured protein. Hall and Schwartz^^ 
re(a>mmended sodium metaphosphate in dishwashing compounds to avoid 
films of insoluble alkaline earth salts and soaps, and claim an actual re- 
duction in bacterial count by its use. 

Ill additicui to those already cited, a number of patents on detergent 
compositions containing phosphates have been issued to Alsfeldd Block 
and Metziger^^, the Bumforcl Chemical Company^^^, Crites^^, Benckiser 
and I )raisl)ach'’, Thomas and Oakley^^^, Hubbard and McCullough®®, Bolz 
and Watzel^'^ and Snelb^®. MacMahon®"^ patented synthetic detergent 
ln‘i([uettes espe<*ially adapted for washing machines and for milk cans and 
Ixjttles containing trisodium phosphate, sodium carbonate, and tetra- 
sodiiim p3U’ophosphate together with synthetic detergents. In another 
patent®® he claimed the same compositions with hexametaphosphate or 
tetraphosphate. Meites®^ covered the preparation of a new alkali metal 
pliospliate compound produced by heating powdered P2O6 with a tri- 
alkali metal orthophosphate. McGhie®® proposed the addition of a small 
amount of alkali phosphate to sodium alkyl sulfate type detergents to 
inhibit corrosion; Lind®'^ patented a detergent containing polyphosphate 
together with the alkali metal salts of sulfonated alkane containing 10 to 
18 fai*l)on atoms. Pierce”- discosed a cleaning and sterilizing agent con- 
tain itig trisodium phosphate, tetrasodium pyrophosphate and nitrate. 
Carverick and Martin®® described a laundry detergent containing silicate, 
and a})sorptive clay, an alkali metal phosphate and a fatty acid oil. Moose'*'* 
patented a sodium hexametaphosphate agglomerate containing soda ash. 

For full descriptions of these phosphate detergents the reader is referred 
to the U, S. Patents listed in Tables 25 and 28 of the Appendix. 

Manufacture of Sodium Phosphates 
Trisodium Phosphate 

The manufacture of sodium j)hosphates is of considerable magnitude. 
One of the largest tonnage items is crystalline trisodium phosphate. This 
material is a dry crystalline product which can be handled and shipped 
easily. The product of commerce has the approximate formula of 
Na3P04*12H20 but varies from manufacturer to manufacturer by having 
more or less free alkalinity and somewhat less water than is indicated 
above. , , ■ 

The manufacture of trisodium phosphate is now conducted on an ex- 
tensive scale and though the reactions involved are relatively simple, ex- 
perience and skill are required in order to obtain a product which will 
saiisfa(*t(>rily meet the specifications required by the trade. Moreover, since 
this has becumie a highly competitive business and the producer must work 
on a rather narrow margin of profit, it is necessary to use the best and 
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most tip-to-date mechanical equipment in order to keep labor and handling 
charges to a minimum. 

Since the third atom of hydrogen in phosphoric acid cannot be replaced 
by the sodium in soda ash, the chemical reactions involved in the manu-' 
facture of trisodium phosphate must be carried out in two stages: 

(1) The production of disodium phosphate by the action of phosphoric 
acid on a solution of soda ash: 

Na2C03 + H 3 PO 4 Na2HP04 + CO 2 + H 2 O 

(2) The production of trisodium phosphate by treating the solution of 
disodium phosphate with sodium hydroxide: 

Na2HP04 + NaOH Na3P04 + H2O 

The process is carried out as follows: 

The solution of soda ash (along with the mother liquor from a previous 
batch of trisodium phosphate) is run into large steel-lined tanks fitted with 
mechanical stirrers and having steam coils to keep the solution at boiling 
temperature. Sufficient strong phosphoric acid is then added to produce a 
solution of disodium phosphate which is pumped to a filter press to remove 
certain precipitated impurities. The cake in the filter press is then washed 
and the wash water used to help dissolve the next batch of soda ash. 

The clear solution of disodium phosphate is then pumped into another 
mixing vat similar to that used in the first step and a sufficient quantity 
of a strong solution of caustic soda added to produce a saturated solution 
of trisodium phosphate. This hot solution is also passed through a filter 
press and is then either run into crystallizing tanks or though a mechanical 
crystallizer where it is cooled. During the cooling operation most of the 
trisodium phosphate drops out in the form of needle-like crystals contain- 
ing 12 molecules of water of crystallization (Na 3 P 04 l 2 H 20 ). 

These crystals are drained and then shoveled into a centrifuge, washed 
with a small quantity of water to remove the mother liquor and whirled 
till they contain less than 10 per cent of free moisture. They are then dis- 
charged into a hopper, fed to a rotary drier and dried at a temperature 
insufficient to drive off the water of ciystallization.* 

The product is then cooled to prevent subsequent caking, discharged 
into the boot of an elevator and either carried to a storage bin or run over 
screens to separate the fines from the coarse crystals. The one or more 
grades of crystals are then packed in barrels, kegs, or sacks for the market. 

The mother liquor from the drained crystals as well as that from the 
wringer goes back into the system in making up new charges. The cycle is 
repeated until this liquor is too impure for use. 

* Since Na 3 P 04 * 12 H 20 dissolves in its own water of crystallization at 70®C, great 
care must be exercised in drying the product. 
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A flow sheet showing the various steps in the manufacture of trisodium 
phosphate is given in Figure 1 . 



Tetrasodium Pyrophosphate 

The disodium phosphate solution made from phosphoric acid and soda 
ash may be drum dried to give anhydrous Na2H]P04 or crystallized to give 
]Sra2HP04-2H20 or Na2HP04*7H20. These various forms of disodium 
phosphate are then calcined at a high temperature to yield tetrasodium 
pyrophosphate according to the following equation^^: 
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2Na2HP04 Na4P207 + H,0 

2Na2HP04*2H20 Na4P207 + SHaO 

A flow sheet showing the manufacture of tetrasodium pyrophosphate is 
given in Figure 2 . 

Nffl I HPO4 (Solution) 



Figure 2. Flow sheet for tetrasodium pyrophosphate. 


Glassy Sodium Metaphosphate 

The process for making glassy sodium -metaphosphate is carried out in 
two steps: ( 1 ) making a solution of substantially pure monosodium phos- 
phate (NaH2P04), and ( 2 ), fusing this material to form glassy sodium 
metaphosphate. The product is run out of the furnace in a molten con- 
dition and quickly chilled. The equations below indicate the reaction in 
the two steps^®: 

2 H 3 PO 4 + Na^COa 2NaH2P04 + CO 2 + H^O 
nNaH 2 P 04 (NaPOdn + nH20 

A flow sheet showing the manufacture of glassy sodium metaphosphate is 
given in Figure 3 . 

Sodium Polyphosphates 

A number of polyphosphates are described in the literature such as so- 
dium hexametaphosphate (Na9P03)6, sodium heptaphosphate (Na9P7022), 




478 


PHOSPEORIC ACID AND ITS DERIVATIVES 


sodium tripolypliospliate (NasP^Oio), and sodium tetraphosphate 
(Na6P40i3)^^ as well as varieties of these. The structure of these is still in 
dispute, but Partridge^ and his co-workers have presented a phase di- 
agram of the system ]SraP03Na4p207 (Figure 4). This diagram identifies 
only three molecular compositions in the system, namely, NaPOa, Na4P207 
and NagPsOio. Suffice it to say that the chemistry of the polyphosphates 
is highly complex but they are a series of compounds with very interesting 
properties. With the doubt as to actual existence of the tetra and hepta 



phosphates it probably will be well to follow the suggestions of Partridge^®® 
as to nomenclature. Jackson^® prepared sodium tripolyphosphate by slowly 
cooling a melt of 28 parts NaPOa and 72 parts Na4P407. Hatch®^ iuade a 
tripolyphosphate by dissolving sodium trimetaphosphate in caustic soda. 
King’'® produced tripolyphosphate by spray-diying a solution containing 
the proper ratio of Na-iO to P2O6 at 550 to 600°C. Wilson’®^ proposed a 
method of manufacturing stabilized polyphosphates by fusion of the proper 
Na20 to P2O5 ratio with alkali metal salts such as Na2S04. King’^® produced 
vitreous polyphosphates by quickly chilling the melt. Alsfeld^ prepared 
polyphosphates by heating a mixture of primary and secondary ortho- 
phosphates, the reactions involved being represented as follows: 
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NaH2P04 + 2Na2HP04 —»■ NasPaOjo + 2H20 (sodium tripolyphosphate) 
2NaH2P04 + 2Na2HP04 Na6P40i2 + SHsO (sodium tetraphospliate) 

Unquestionably the consumption of alkali metal phosphates and their 
derivatives for water softeners detergents and soap builders is increasing 
at a rapid rate. Moreover as the composition of some of these complex 
compounds are more thoroughly understood and methods of preparing them 



Hominal composition, per cent. Na4p207. 

Figure 4. The sj^stem NaP03-Na4P207: open circles represent samples quenched 
from the indicated temperature; solid circles, samples reheated at the indicated 
temperature. The identity of the resultant constituents revealed by t lie X-ray 
is indicated as follows: G, glass, no crystalline constituent; Ml, NaFOd; Tl, 
Na.PaOtol; Til, NasPaOioU; PV, Na4P407V. 

projected, new and expanded uses will be developed insuring even wider 
industrial applications. 
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25. The Esfers of Phosphoric Acid 
and Their Industrial Applications 

John S. Harris 

Organic Development Department, Monsanto Chemical Company 
Intboduction 

Although the chemical literature is filled with descriptions of organic 
compounds of phosphorus, only the esters and derivatives of orthophos- 
phoric acid have attained sufficient economic interest at this time to war- 
rant discussion in a book devoted chiefly to phosphate products of com- 
mercial importance. 

The phosphoric acid esters, which is to say the '^organic salts’' of this 
acid, can be thought of as the partial or complete substitution of aliphatic 
or cyclic organic groups for the hydrogen atoms of phosphoric acid. Thus, 
proceeding from ortho phosphoric acid, the structural formula of which 
may be represented thus: 

HO 

\ 

HO— P=0 

/ 

HO 

organic groups may be added to yield a mono, di 

EO RO 

\ \ 

HO— P==0 EO— P=0 

/ / 

HO HO 

where H represents an aliphatic or cyclic group. 

The esterification reaction, however, usually is not carried out with 
phosphoric acid, but rather with a more active pentavalent compound such 
as phosphorus oxychloride, phosphorus pentoxide, or phosphorus penta- 
chloride. Industrially aH of these intermediates are obtained directly from 
elemental phosphorus in a high degree of purity. Unfortunately, the pro- 
duction figures for only a few of the more important phosphoric esters are 
reported statistically, and these compounds are all plasticizers. Since plas- 


or tri ester as follows; 
EO 

\ 

RO — ^P~0 

/ 

RO 
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ticijsers represent the greatest part of the consumption of phosphate esters 
at this time, the figures, though not inclusive, are indicative. Figure 1 
shows the phosphate plasticizers produced between 1941 and 1948 as re- 
ported by the U. S. Tariff Commission^®. 

Prior to 1943 only tricresyl phosphate was reported, and in that year 
the Acyclic Phosphates were reported as a group. The acyclic phosphates 
probably include triethyl and tributyl phosphate and possibly others. 
The figure for 1948 is an estimate as only the tentative figure for tricresyl 
phosphate was available at the time of writing, 

Pr«»dH<cthm> 

mmrn 

Of PoUIMlS 



1941 1943 1943 1944 1945 1949 1947 1949 

I I till I I 


fMt./ 

Figure 1. Chart of the annual production of the neutral esters of phosphoric acid 
which are used as plasticizers. 

The considerable dip in the production of phosphate esters in Figure 1 
was caused in part by the end of the war and the reduction of military 
demands, and partly by the short supply of raw materials, for example, 
cresoL 

The dollar value of the sales of the phosphate ester plasticizers in 1947 
was reported by the Tariff Commission as being almost five million dollars. 
It can be assumed that if the figures were available for the production and 
sales of the other phosphoric acid esters and for applications other than 
as plasticizers, the value of these products would be appreciably above 
this figure. Even more important than their present worth are the prom- 
ising signs of growth which the organic phosphates show; their potentialities 
for the future are quite marked*. 

* Recent data show that approximately nine million pounds of phosphorus were 
used in the manufacture of plasticizers in 1950, 
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Neutral Esters of Phosphoric Acid 
The Tiialiyi Phosphates 

The trialkyl phosphates, or neutral alkyl esters of ortho phosphoric 
acid, have been extensively investigated over a number of years, and a 
considerable variety of applications have been developed. Of the neutral 
esters triethyl phosphate was first synthesized in 1849, by heating lead 
diethyl phosphate^®®. Several other reactions by which the trialkyl phos- 
phates have been prepared^®* are illustrated below: 


Ag3P04 + 3 C 2 H 5 I (C2H5)3P04 + 3AgI (1) 

SCaHfiONa + POCb (C 2 Hb) 3 P 04 + SNaCl (2) 

SCjHfiOH + pools -> (C2H6)3P04 + 3HC1 (3) 

SCaHfiOH + PCb (C2H5)3P03 + 3HC1 (4) 

(C 2 H 5 ) 3 P 0 » + SO 3 (C 2 Hs) 3 P 04 + SO 2 
3 C 2 H 5 OC 2 H 5 + P 2 O 5 2(C2H5)3P04 (5) 

3 CH 3 OH + PCI 3 (CH 3 ) 2 HP 03 + CH 3 CI + 2HC1 (6) 

(CH 3 ) 2 HP 03 + CI 2 (CH3)2P02C1 + HCl 
(CHOaPOaCl + NaOCHs (CH3)3P04 + NaCl 


Commercially, one of the most commonly used syntheses is the reaction 
of an alcohol with phosphorus oxychloride (Equation 3). Difficulty is en- 
countered, however, with the formation of HCl as it forms alkyl chlorides 
with the alcohol and results in poor yields. A number of methods have been 
proposed to remove the HCl. These include the use of heat and vacuum, 
blowing with an inert gas, and neutralization of the HCl with an organic 
anoine or ammonia^^' 

Preparation of the trialkyl phosphates is not particularly difficult in 
the laboratory where economy and yield are not important. However, when 
large-scale production is attempted numerous problems arise which are 
not evidenced by the equations above. Chemically, the neutral esters of 
phosphoric acid are relatively inactive. Some of the esters hydrolyze fairly 
readily, but others require drastic treatment with strong alkali. The phos- 
phate portion of the molecule, of course, cannot be further oxidized and 
it confers a sometimes surprising resistance to oxidation on the organic 
portion. The physical characteristics of the homologous esters vaiy, as 
might be expected, with the choice of alkyl groups. Whereas the shorter 
groups give mobile, fairly volatile, water-soluble liquids, the longer chain- 
length groups give compounds of low solubility and volatility which are 
more viscous, or are even solids. Table 1 lists some of the neutral esters of 
phosphoric acid with pertinent physical data^v^' 10 *, With the ex- 
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eeptioE of tricetyl phosphate, all the esters listed are liquid at 25^0. The 
trialkyl phosphates have, in the past, found their greatest use as plasticizers 
and solvents. Recently, however, appreciable quantities of triethyl phos- 
phate have been used as an intermediate to certain of the organic phosphate 
insecticides. 

The Triaiyl Phosphates 

Of all of the esters of phosphoric acid, the triaryl phosphates have 
achieved the greatest industrial importance. This has led to considerable 
research in methods of synthesis and to the discovery of new applications. 

Basically, the triaryl phosphates can be prepared by the same reactions 


Table 1. Physical Properties op the Tri alkyl Phosphates 


COMPOUND 

SP OR AT 

BOIUNG POINT 
®C AT MM Ho 




1 Water 

Alcohol 

Benzene 

ChCh 

Trimethyl phosphate 

1.2144 (20) 

62V5 mm 

s 

S 

s 

s 

Triethyl phosphate 

1.0695 (20) 

75.575 mm 

s 

S 

s 

s 

Tripropyl phosphate 

1.0121 ( 20 ) 

107.575 mm 

SS 

S 

s 

s 

Triisopropyl phosphate — 

0.9867 (20) 

83.575 mm 

' SS 

S 

s 

s 

Tributyl phosphate 

0.9766 (20) 

138.576 mm 

1 I 

s 

s 

s 

Triisobutyl phosphate 

0.9681 (20) 

11775.5 mm 

I 

s 

s 

s 

Triamyl phosphate 

0.9608 (20) 

16775 mm 

I 

s 

s 

s 

Trioctyl phosphate 

0.921 (25) 

decomp. 

I 

s 

s 

s 

Tricapryl phosphate 

0.907 (25) 

decomp. 

I 

s 

s 

s 

Tricetyl phosphate 

Tri-(betachloroethyl) phos- 


M.P.: 61°G 

I 

s 

s 

s 

phate. 

1.4256 (20) 

I 8 O 75 mm 

I 

s 

s 

s 


* S: Soluble; SS: Sparingly soluble; I: Insoluble 


as the trialkyl. If anything, the reactions are simpler since the presence of 
HGl does not give rise to the side reactions of the alkyl syntheses. 

Triphenyl phosphate was prepared by Jacobsen in 1875 from phenol 
and phosphorus oxychloride, a reaction still used commercially today®®. 
Some of the syntheses which have been proposed and used for the neutral 
aryl phosphates®®- ®® are shown below in equations (7), (8), (9), and (10). 


SG^HfiOH 4” POCh (CeH6)3P04 + 3HC1 (7) 

SCeHftONa + POCh (C,HshP04 4- 3NaCl (8) 

SCeHsOH + PCh (CeHfihPOa 4- 3HC1 (9) 

(CsHshPPs 4- BOz (C«H5)3P04 4- BOt 
3C«HsOH 4- PCU 4- BtO (C,K,)zPOi 4* 5 HGl (10) 



490 


PHOSPHORIC ACID AND ITS DERIVATIVES 


To aid in the synthesis, the removal of the HCl may be effected by blow- 
ing or by heat and vacuum^®, and aniline, toluidine, pyridine and other 
bases have been suggested as catalysts®^ 

As are the trialkyl derivatives, the triaryl phosphates are relatively 
stable chemically. Their physical characteristics vary over rather wide 
limits though none approach the water solubility or volatility of the lower 
alkyl derivatives. 

The greatest part of the aryl phosphates now produced is used as a 
plasticizer, and in this application they impart several desirable and unique 
properties to the plastic composition. These plasticizers will be discussed 
in detail later in this chapter. 

In addition to the neutral esters in which the three organic groups are 
identical, various combinations of groups can be prepared. Thus, mixed 
alkyl groups or aryl groups might be used, or both alkyl and aryl groups 
can be combined. Such combinations greatly increase the variety of char- 
acteristics which can be obtained in the phosphate esters. In a sense, phos- 
phate esters can be ^Tailored*^ to fit the particular job. 

Acid Phosphate Estebs 

Up to this point, the discussion has been limited to the so-called “neutraP* 
esters or those in which all three of the hydrogen atoms of phosphoric acid 
have been replaced with an organic group. Obviously, the substitution 
with organic groups can be stopped at an intermediate point giving com- 
pounds in which only one or two of the hydrogen atoms have been replaced. 
These compounds in which esterification is not complete are the organic 
acid phosphates, or compounds which retain certain properties of phos- 
phoric acid and have new and different properties conferred by the addition 
of the organic groups. The mono- and dialkyl esters were prepared and 
described over one hundred years ago^®, and the mono- and diaryl esters 
about thirty years later^®. A number of methods have been used to syn- 
thesize these compounds and some of these methods are worth examining. 
The preparation of pure mono- or diesters requires a somewhat expensive 
synthesis from an industrial point of view as mixtures are usually obtained. 
The reaction of a trialkyl phosphate with a strong base and subsequent 
acidification has been used® 

R3PO4 4- KOH KR2PO4 + ROH ( 11 ) 

R5PO4 4 - 2KOH K2RPO4 + 2 ROH (12 ) 

The hydration of an alkyl metaphosphate will give a monoalkyl ester^^: 

RPO3 + HOH H2RPO4 ( 13 ) 

and the hydrolysis of a tetra alkyl pyrophosphate will yield the dialkyl 
ester®®: 


R4P2O7 + 2 HOH 2HR2PO4 


( 14 ) 
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One of the earlier methods of preparation involves the reaction of phos- 
phorus oxychloride, with the appropriate alcohol and subsequent hy- 


drolysis: 

ROH 4- POCh RPOaCb + HCl ( 15 ) 

RPO.Ch -h 2HOH H 2 RPO 4 + 2HCi ( 16 ) 

2 ROH 4- POCI 3 RaPOsCi 4- 2HC1 ( 17 ) 

R 2 PO 3 CI 4* HOH HR 2 PO 4 4- HCl ( 18 ) 


This reaction tends to give all three esters — primary, secondary and ter- 
tiary — and yields of any one ester are relatively poor. Probably of greatest 
industrial interest is the reaction of phosphorus pentoxide with an alcohol 
or ether to form the mono- or diester® 

2ROH + P2O6 + H2O 2H2RPO4 (19) 

4ROH -f P2O5 2R2HPO4 + H2O (^ ) 

Both the primary and secondary esters form under the conditions of the 
reaction, and depending on the ratio of alcohol to phosphorus pentoxide 
and the amount of water present or formed, the amount of diester will 
vary from 35 to 65 per cent, and the monoester from 65 to 35 per cent®®. 
Though the product of this reaction is a mixture, by virtue of its com- 
paratively low cost and, in most applications, the lack of need for a pure 
ester, it has found considerable use in industry. The mono- and diaryl 
esters have received less attention in the chemical literature, and probably 
the chemical industry, than have the alkyl acid esters. Nevertheless these 
compounds have been found to have a number of applications. 

The aryl acid esters have been prepared from the phenol or its salt and 
phosphorus oxychloride, pentoxide, or pentachloride with later hydroly- 
sis24 . 43 in the case of the alkyl *derivatives there is a tendency to 
obtain a mixture of esters in the product. 

A considerable difference exists in the physical and chemical properties 
of the primary and secondary esters as compared to the tertiary or neutral 
ester. The alkyl acid esters are unstable to heat, many of them decom- 
posing at temperatures well below 200°C^. They are strongly acidic and 
corrosive to certain metals. There is also a tendency toward hydrolysis in 
water solutions. Table 2 lists some of the properties of the alkyl acid phos- 
phates. It should be noted that the data given are for compounds formed 
from the reaction of alcohol and phosphorus pentoxide which are probably 
mixtures. Also, the figures are from two primary sources® * and may 
represent mixtures of varying constitution. Nevertheless, the data are 
indicative of general properties. 

In industrial use, the salts of the acid phosphate esters have probably 
been more important than their parent acids. By neutralizing the organic 
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acid phosphates with an organic or inorganic base, compounds of consider- 
able usefulness are obtained. Table 3 shows the physical characteristics of 
some of these alkyl acid salts. As in the previous table the compounds 
listed are of a commercial grade and the figures should be taken as only 
indicative^’ 

Most of these salts are very soluble in water and are close to neutral in 
pH. They are more resistant to hydrolysis than the acids and have little 
corrosive action toward metals. Usually, the salts are supplied as water 


Table 2. Physical Properties of the Alkyl Acid Phosphates 


COMPOUNB 

SP OR AT 

DECOMP. 


SOLUBILITY* 


25V4“C 

POINT— C 

Water 

Alcohol 

Benzene 

CHCl* 

R 2 HPO 4 







Dimethyl acid phosphate 

1.34 

175 

S 

s 

I 

I 

Diethyl acid phosphate 

1.19 

>175 

s 

s 

s 

PS 

Ethyl isoamyl acid phosphate 

1.07 

>175 

I 

s 

s 

s 

Ethyl octyl acid phosphate 

1.03 

>175 

I 

s 

s 

s 

Ethyl capryl acid phosphate 

1 . 02 t 

170 

I 

s 

s 

s 

Dibutyl acid phosphate 

1.06 

>175 

I 

s 

S 

s 

Butyl amyl acid phosphate 

1.04 

>175 i 

PS 

s 

! s 

s 

RH 2 PO 4 







Monomethyl acid phosphate 

' 1.51 

170 

s 

s 

I 

1 I 

Monoethyl acid phosphate. 

1.43 

165 

‘ s 

s 

I 

I 

Mono isopropyl acid phosphate. .... 

i.29t 

75 

s 

' s 

I 

I 

Monopropyl acid phosphate ..... 

1.33t 

125 

s 

: S 

I 

I 

Monobutyl acid phosphate. 

1.18 

105 

s 

s 

s 

PS 

Mono isoamyl acid phosphate 

1.14 

165 

I 

s 

s 

s 

Monooctyl acid phosphate 

1.07 

170 

I 

s 

s 

s 

Monocapryl acid phoshpate. 

1.09 

105 

I 

s 

s 

s 


* Solubility: S— Soluble; PS— Partially soluble; I~Insoluble. 
I Specific Gravity at 30V4°C instead of 25V4^G. 


solutions or pastes though, in some cases, an anhydrous product can be 
prepared. 

Industrial Applications op Phosphoric Acid Esters 
Phosphate Esters as Plasticizers 

The neutral or tri-esters of phosphoric acid have found their greatest 
utility as plasticizers. The industrial importance of this field is well de- 
fined by the U. S. Tariff Commission's figures on production and sales. 

The theory and mechanics of plasticization are involved and complex 
subjects, and no attemnt is made to cover this field in detail. Sufficient 
background is given, however, on which a critical appraisal of the merits 
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of the neutral esters as plasticizers can be based. A plasticizer ha® been 
defined as a liquid or low-melting solid which is added to a resiii to modify 


Table 3. Physical Properties of the Alkyl Acid Phosphate Salts 


COMPOUND 

CONC. i%) 

Sp CR AT (/)V4®C 

REF®. INDEX N '0 

RMPOi 

Diethyl sodium phosphate 

78 

1.26 (25) 

1.41 

Ethyl octyl sodium phosphate 

82 

1.12(30) 

1.43 

Ethyl octyl potassium phosphate 

77 

1.15 (25) 

1.43 

Ethyl octyl ammonium phosphate 

84 

1.04 (25) 

1.43 

Ethyl capryl sodium phosphate 

84 

1.07 (75) 

1.43 

Dibutyl ammonium phosphate 

88 

1.03 (25) 

1.43 ' 

RM 2 PO 4 




Monomethyl ammonium phosphate 

54 

1.25 (30) 

1.41 

Monomethyi sodium phosphate 

66 

1.53 (30) 


Monomethyl calcium phosphate 

100 

2.50 (30) 

1.53 

Monoethyl ammonium phosphate 

55 

1.24 (30) 

1.42 

Monoethyl sodium phosphate 

66 

1.47 (30) 

1.42 

Monoethyl calcium phosphate. 

100 

1.92 (30) 

1.53 

Monoisopropyl ammonium phosphate 

62 

1.20 (30) 

1.42 . 

Monoisopropyl sodium phosphate 

60 

1.32 (30) 

1.42 

Monoisopropyl calcium phosphate 

100 

1.93 (25) 

1.48 

Monopropyl calcium phosphate. 

100 

1.77 (25) 

1.50 

Monobutyl ammonium phosphate 

60 

1.17(25) 

1.43 

Monobutyl sodium phosphate 

71 

0.89 (25) 

1.43 

Monobutyl calcium phosphate 

100 


1.48 

Monoisoamyl ammonium phosphate 

77 

1.14 (25) 

1.43 

Monoisoamyl sodium phosphate 

33 

1.24 (30) 


Monoisoamyl potassium phosphate 

66 

1.30 (30) 

1.43 

Monoisoamyl triethanolamine phosphate — 

100 

1.21 (25) 

1.49 

R 2 MPO 4 and RM 2 PO 4 , Mixed 




Methyl ammonium phosphate 

60 

1.27 (25) 


Methyl potassium phosphate 

60 

1.48 (25) 


Ethyl triethanolamine phosphate 

60 

1.19 (25) 


Ethyl aminobutyl phosphate 

60 

1.15 (25) 


Ethyl dibutylamine phosphate 

60 

1,04 (25) 


Ethyl sodium potassium phosphate. ........ 

60 

1.37 (25) 


Propyl sodium potassium phosphate. 

60 

1.37 (25) 


Butyl sodium potassium phosphate ......... 

60 

1.31 (25) 


Amyl sodium potassium phosphate . .... — 

60 

1.35 (25) 



one or more of its physical characteristics. The plasticizer ^s most important 
function is to increase the plasticity of the resin so that it can be molded 
into desired forms A 

The action of a plasticizer has been compared to that of a solvent, in 
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that the van der Wali’s forces existing between the polymer chains are 
modified by the plasticizer to substitute polymer-plasticizer bonds for the 
polymer-polymer bonds^’^. This decrease in the physical bonding forces 
results, of course, in greater plasticity of the resin. 

The physical requirements of a plasticizer are many. First of all it should 
be a polar type compound. However, it must have low volatility and low 
water solubility. These latter requirements immediately eliminate most 
alcohols, acids, amines and low-molecular weight compounds. 

Below are listed some of the required and the desirable characteristics 
of a plasticizer and to what degree the phosphoric esters possess them 
when properly compounded. 

Characteristics of the Phosphate Ester Plasticizers 
Required Characteristics Suitahiliiy of Phosphate Esters 


High polarity 
Compatibility 
Plasticizing efficiency 
Permanency in resin 
Heat stability 
Light stability 


Yes 

Excellent* 

Excellent* 

Excellent* 

Fair to Good 
Fair to Excellent 


Desirable Characteristics 

Flame resistance 
Low toxicity 

Low temperature flexibility 
Resistance to solvents 
Electrical properties 
Color 

* Variations in characteristics will be 
with diflferent resins. 


Excellent* 

Poor to Good* 

Fair to Excellent* 

Good 

Good 

Excellent 

in different substituent groups and 


It will be noted that these esters qualify as excellent under the required 
characteristics of polarity, compatibility, plasticizing efficiency, perma- 
nency to ageing and weathering, and light stability. Under desirable char- 
acteristics — and these may be required in certain applications— -plasticizers 
containing phosphorus rate high in all categories. Probably the most im- 
portant of the latter group are the qualities of nonflammability and low 
toxicity, and esters possessing both of these properties can be made based 
on phosphorus. 

Naturally, the foregoing must be qualified to the extent of choosing the 
proper substituent groups for the phosphate radical and its use in the 
proper resin. For example, the flammability of different esters can vary 
over wide limits: trioctyl phosphate is a relatively flammable plasticizer 
as compared to tricresyl phosphate which is used where low flammability 
is required. It is in the choice of the substituent groups that the chemist 
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and plasticizer expert have their greatest latitude. . Although the building 
of plasticizers is still largely a “cut and try” art, there are certain empirical 
conclusions which can be applied in the attainment of desired char- 
acteristics. 

The’ phosphate radical itself provides certain of the reqiiirements.of a- 
good plasticizer: high polarity, permanence, low toxicity, and so on. Cou- 
pled with the right alkyl or aryl groups — and it is here that the major 



(Courieay of Momanto Chemical Co.) 


Figuee 2. The wide use of some of the phosphoric acid eaters requires large-scale 
equipment to provide sufficient production. 

problem lies — compounds are formed which are valuable and industrially 
important plasticizem. About 1920, the first of the phosphate plasticizers 
reached the industrial stage. These were tricresyl and triphenyl phosphate, 
for which patents had been issued in 1902, almost twenty years before® 
Their conomercialization was caused by two factors. First, was the neces- 
sity of including flame retardants in airplane dopes used during the First 
World War; second, was control of natural camphor, the standard nitro- 
cellulose plasticizer, by the Japanese monopoly. The high price set by 
this monopoly gave considerable financial incentive to the development 
of substitute plasticizers. 
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(Courtesy of Monsanto Chemical Co.) 

Figure 3. Industrial milling of a resin-plasticizer composition prior to its molding 
into a finished form. 


(Courtesy of Monsanto Chemical Co^) 
Figure 4. Production of seamless tubing by extrusion. 
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Since 1920 a number of other phosphoric acid esters have entered the 
plasticizer field. A fairly complete list of these products follows. 

Diphenyl cresyl phosphate Tributyl phosphate 

Diphenyl 2-ethyihexyl phosphate Tricresyl phosphate 

Diphenyl 0 "xenyl phosphate Tridimethylphenyl phosphate 

Di(p4erf--butyl phenyl) phenyl phosphate Triethyi phosphate 
Di (p-tert .-butyl phenyl) 5-^ert. -butyl ,2-xenyl Tri-2-ethy!hexy! phosphate 
phosphate Tri phenyl phosphate 

Di(o-xenyl) phenyl phosphate • Tri-p-tert.-amylphenyi phosphate 

Tributoxyethyl phosphate Tri-p-teH.-hutylphenyi phosiihate 

Below are listed a few representative neutral phosphoric acid esters and 
some of the resins in which they are of value. As may be seen, these esters 
have a wide range of application and are closely tied with the still rapidly 
expanding plastics field. 


Application of Phosphate Ester Plasticizers 


RESIN 

XRIPHENYL 

PHOSPHATE 

TRICRESYL 

PHOSPHATE 

DIPHENYL 

2-ETHYLHEXYL 

PHOSPHATE 

TRIOCTYL 

PHOSPHATE 

Acrylates 


— 

0 


Alkyds 

__ 

0 



Cellulose acetate 

X 

— 

0 

0 

Cellulose nitrate — 

0 

X 

0 

0 

Ethyl cellulose 

X 

0 

0 

0 

Phenol formaldehyde. ......... 


X 



Polyvinyl acetate 

X 

0 

0 

0 

Polyvinyl butyral. . 

— 

0 

0 

0 

Polyvinyl chloride 

0 

X 

X , 

X. 

Polystyrene 

— 

0 

‘ 

— 


O — of use; X = of special value. 


It is this close relationship of plasticizers to resins that bids fair to estab- 
lish a permanent market for an effective and competitive plasticizer. If 
the role of research and development are well discharged, the phosphorus- 
based esters will remain well within these categories of effectiveness and 
competitiveness and will find an ever increasing market as our consump- 
tion of plastics grows. 

The Phosphate Esters as Insecticides 

At this time the most important phosphorus-containing insecticides are 
not, strictly speaking, derivatives of orthophosphoric acid; rather they 
are polyphosphates and thiophosphates. The relationship is sufficiently 
close, however, by virtue of symth^is and structure, and the field of suffi- 
cient importance that a certain degme of latitude is warranted. 
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The first published use of the phosphorus esters in the insecticidal field 
came just after the war when technical experts followed the allied armies 
into Germany^^' From their reports it was learned that a considerable 
amount of research and development had been devoted to the preparation 
and testing of phosphorus containing compounds against various insect 
pests. 

Whether the insecticides that were discovered were incidental to the 
search for more potent war gases, or whether the evaluation of animal 


{Courtesy of Monsanto Chemical Co.) 

Figube 5. Laboratory tests of plasticizer-resin combinations use conditions com- 
parable to actual industrial production. 


toxicity of the experimental insecticides gave leads to new gases has not 
been authoritatively disclosed. In any event the Germans developed very 
potent insecticides and very poisonous gases based on phosphorus. 

A large part of the insecticide development in Germany, at least of the 
phosphorus-containing compounds, involved the efforts of Gerhard Schra- 
der at the Elberfeld works of I. G. Farben. After the war. Dr. Schrader 
prepared an account of the preparation and testing of a large number of 
compounds, including several based on phosphorus^. Some of these latter 
are now being produced in this country. The first of the insecticidally 
active phosphates found by Schrader was hexaethyl tetraphosphate^®. The 
synthesis from triethyl phosphate and phosphorus oxychloride and sup- 
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posed structure of this product was given as follows: 

OC2H, 

0=^ — O GaHs 

\ 

OC.H, 

OC 2 H 5 

/ 

0==P— OC 2 H 5 + 

\ 

OC2H6 

OC2H5 

/ 

0==P— OC 2 H 5 

\ 

OC 2 H 5 

As far as could be observed, the reaction proceeded as indicated with 
the evolution of three moles of ethyl chloride. When the product was added 
to water there was an immediate hydrolysis with acid formation, followed 
by a slow further hydrolysis. 

The immediate hydrolysis and the inability to separate any of the con- 
stituents made analysis difficult and for some time the product was con- 
sidered to be hexaethyl tetraphosphate. The final development of a practical 
analysis changed the picture considerably^® ' found that the prod- 

uct called hexaethyl tetraphosphate contained 10 to 15 per cent tetraethyl 
pyrophosphate, ethyl meta phosphate, possibly some triethyl phosphate 
and pentaethyl triphosphate, and probably no hexaethyl tetraphosphate 
at all. Independently, in this country, tetraethyl pyrophosphate was found 
to be an effective insecticide with a hydrolysis rate comparable to that of 
so-called hexaethyl tetraphosphate*®. Classically, the pyrophosphates have 
been prepared by the reaction of silver pyrophosphate with the appropriate 
alkyl halide^'^ as shown in the reaction (22) below. This is a satisfactory 
laboratory method but not adaptable to commercial production. 

Synthesis of Tetraethyl Pyrophosphate 

4 G 2 H 6 I 4- Ag^P^Oz (G2H6)4P207 4- 4AgI (22 ) 

2(C2H60)2P0Na 4- Br 2 4- IO 2 {CtBi^),F 207 4- 2NaBr (23) 

(CsHfiOaPOGl + (GsHsOljPONa 4- fOa (C 2 H 6 ) 4 P 207 4- NaCl (24) 

(G2H5)4P205 + O 2 -> (G2H6)4P207 

2(C2H50)2p0Gl + H 2 O (G2H5)4P207 4” 2HG1 


GiHjO O 

\ll 

p 

/ 

C,HsO 


o 


Cl C,H.O O 

\ \ll 

Cl— p=0 P O P=0 + SCjHsCl 

/ / 

Cl CjHsO 

o 

CjHsO 0 / 

Ml/ 

p 

/ 

CiHsO 


( 21 ) 


(25) 
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The pyrophosphates have also been prepared from the reaction of sodium 
diethyl phosphite with chlorine or bromine^' ® and from diethyl chloro- 
phosphite and sodium diethyl phosphite with subsequent oxidation. The 
most recently published synthesis is the condensation of deithyl phos- 
phoryl chloride in the presence of water^°. 

In addition to the above, there are a series of what appear to be similar 
and analogous reactions that give tetraethyl pyrophosphate along with a 
mixture of other ethyl phosphates. It will be recalled that triethyl phos- 


{Courtesy of Monsanto Chemwal Co,) 

Figure 6. The phosphorus-based insecticides have received widespread accep- 
tance in controlling insect infestations in the green house. 


phate can be prepared from diethyl ether and phosphorus pentoxide, and 
ethyl metaphosphate may also be prepared in the same way. When tri- 
ethyl phosphate and ethyl metaphosphate are then reacted, tetraethyl 
pyrophosphate is obtained^. It is interesting that, upon heating, tetraethyl 
pyrophosphate will revert to triethyl phosphate and ethyl metaphosphate. 

As noted in the preparation of hexaethyl tetraphosphate, tetraethyl 
pyrophosphate is formed to the extent of about 10 to 15 per cent. If the 
ratio of triethyl phosphate to phosphorus oxychloride is increased, the 
percentage is raised to about 40 per cent. A product identical to hexaethyl 
tetraphosphate as far as can be told, is formed from the reaction of two 
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moles of triethyl phosphate . with one mole of phosphorus pentoxide^^h 
At a ratio of 4 to 1, a product containing about 40 per cent tetraethyl 
pyrophosphate is formed. In other words the percentage yield in both 
cases — ^^that is, with both phc^phorus oxychloride and phosphorus pent- 
oxide — ^is similar when one more mole of triethyl phosphate is used with 
the phosphorus oxychloride than is used with the pentoxide. 

This gives rise to the conjecture that perhaps the only function of the 
extra mole of triethyl phosphate is to react with the oxychloride, splitting 
off three ethyl chlorides from the one molecule, and leaving phc^phonis 
pentoxide. If this is true then the two reactions are identical as far as the 
formation of tetraethyl pyrophosphate is concerned. 

In any event, both reactions are presumed to be used commercially to 
prepare a technical product containing about 40 per cent tetraethyl pyro- 
phosphate, and this product is used directly as an insecticide. 

Tetraethyl pyrophosphate has been found to be toxic to nearly every 
insect upon which it has been tested. Commercial control of a large number 
of insect pests has been accomplished by the use of this compound m a 
spray solution, emulsion, aerosol and dust. These insects include many 
species of aphids and mites, scale, plum curculio, pear psylla, leaf hoppers, 
white fly, mealy bug, and others. 

One of the unique characteristics of tetraethyl pyrophosphate is its 
rapid hydrolysis. It is hygroscopic and will absorb quickly from the air 
sufiicient moisture to completely hydrolyze, the hydrolysis product being 
diethyl acid phosphate. 

The half life, or length of time required to hydrolyze half of the tetra- 
ethyl pyrophosphate present, is about seven hours at room temperature^. 
Thus at the end of three days only about one-fifteen-hundredth of the 
original concentration of tetraethyl pyrophosphate is left. 

In those applications where a long lasting residue is wanted, this char- 
acteristic hydrolysis is a drawback. However, when toxic residues on food 
crops are undesirable, the natural detoxification of tetraethyl pyrophos- 
phate is highly advantageous — ^the end product, diethyl acid phosphate,, 
being to all intents and purposes nontoxic. 

The second compound found by Schrader which has reached the com- 
mercial stage both here and in Germany is 0,0-diethyl-p-nitrophenyl 
thiophosphate^®. This chemical has been given the common name para- 
thion, and this appellation will be used in the following®®. 

Parathion was synthesized by reacting sulfur with phosphorus trichloride, 
forming thiophosphoryl chloride. This is then reacted with two moles of 
sodium ethylate and one mole of sodium paranitrophenate to form para- 
thion. These reactions are illustrated in equations (26), (27), and (28). 
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Synthesis of Parathion 
PCI3 + B PSCI3 ( 26 ) 

PSCI3 + 2NaOC2H5 (C2H50)2PSCI + 2 NaCl ( 27 ) 

H H 

C2H5O S C=C 

Ml / \ 

(CjHiOjPSCl + NaOCsHsNOj ^ P— 0 — C C— NO2 ( 28 ) 

CjHsO C— C 

H H 

(parathion) 

Parathion has been found to be a highly effective insecticide. Its activity 
is roughly equivalent to that of tetraethyl pyrophosphate, and in addition 
it is toxic to resting stages and insect eggs as well as possessing residual 
insecticial properties. Paration has been found effective against mites and 
aphids appearing on a wide variety of crops, coddling moth, Colorado 
potato beetle, ants, flies, worms, com earworms, Japanese beetle gmbs, 
plum curculio, and many other insects. 

In some cases tetraethyl pyrophosphate and parathion complement each 
other in their applicability. In other uses, where both have been found 
effective, the choice rests on the individual characteristics of the two 
insecticides. 

In addition to the three phosphorus ester insecticides already discussed, 
one other has been recently announced in this country as being available 
in experimental quantities. This is tetraethyl dithionppyrophosphate®®. 
The stmcture of this compound is given as : 

CjHsO S S OC2H6 

\ll 11/ 

P— O— P 

/ \ 

C2H5O OC2H6 

Schrader called this compound Lime-stable Bladan in recognition of the 
fact that it w^ more resistant to alkaline hydrolysis than its parent com- 
pound, tetraethyl pyrophosphate. 

One other class of organic-phosphorus compounds was reported by 
Schrader and is now under active development in this country and abroad. 
These compounds are known as systemic insecticides— chemicals which 
are absorbed by the plant and render the plant itself insecticidal. This is 
an extremely promising field and may lead to an entirely new approach to 
the protection of crops against pests of all kinds. 

All of the insecticides which have been mentioned are highly toxic not 
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only to insects but to warm-blooded animals as well. By iiitra¥eiioiis in- 
jection some of them have LD 50*s that fall in the range of 1 to 10 mg/kg 
of body weight. This varies considerably, however, with the test animal 
and with the mode of administration. In addition, these phosphate ^ters 
have the property of being absorbed readily through the skin which makes 
careful handling necessary. One of the greatest ields for improvement in 
the phosphate insecticides is in the reduction of the animal toxicity as 
compared to the insecticidal activity. 

Notwithstanding this disadvantage of animal toxicity, it appears that 
these new insecticides built around the phosphorus atom have already made 
a considerable place for themselves, and give every promise of even greater 
utility. 

Other Uses for the Alkye Phosphates 

Other actual and suggested uses for the trialkyl phosphates are as cata- 
lysts in the dehydration of glycols, olefinic alcohols®^, as accelerators in 
the curing of certain resins®’'* as special type lubricating agents®^, as 
additions to gunpowder®®, and as absorbing fluids in refrigerating systems®^. 

The alkyl acdd phosphates have been used or proposed for the following 
purposes: 

As a flux in the soldering or welding of zinc, magnesium and aluminum, 
it is claimed that toxic fumes and corrosive residues are thus avoided^®; 
as catalysts in the hardening of urea-formaldehyde resins®®, as anticor- 
rosion or passivating agents which may be incorporated in solvents and 
oils^®' ®^' ®^, as tanning agents and in the reduction of gelatination of hides 
as an intensifying agent in vat dyestuffs®, as addition agents to col- 
loidal systems to alter physical state®, and as polymerizing agents in un- 
saturated compounds such as tung oiF®. 

Applications of the Bolts of alkyl acid phosphates are quite varied and 
include the following uses: surface activating agents®®* ®®' flameprooflng 
agents^' ®®' ®^' ®®' ®®, as antifreeze liquids®®* ®®, as special fertilizers^®’ 

72 , 73 , 74 . 75^ stabilizcrs for concentrating latex®®, as a textile preservative’®, 

and as an ingredient of vat printing pastes®®. 

Other Uses for the Aryl Phosphates 

The aryl phosphates (particularly tricresyl phosphate), have achieved 
an important place in the hydraulic fluid and lubricant field. In both of 
these applications certain characteristics are either desirable or essential. 
These include lubricity or oil-like properties, high film strength, resistence 
to heat and oxidation over a wide range of temperatures, lack of flam- 
mability and noncorrosiveness. Their characteristics make the aryl phos- 
phates not only valuable as additive, but as lubricants in their own right®®. 
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The aiyi acid phosphates have been suggested in several applications 
including phosphorylating agenis, anal3rtical reagents, and rust and cor- 
rosion inhibitors'^* ^2. loo^ 





(Courtesy of Monsanto Chemical Co) 

Figure 7. The oil used with the piston and bearing on the left, above, contained 
no additive, that in the center a small percentage, and that on the right a larger 
percentage of additive. The decrease in carbon and lacquer deposition from left to 
right can be readily seen. 

Though no industrial applications of the salts of the aryl acid phosphates 
have come to the attention of the writer, it seems reasonable to assume 
that there are or will be such uses. 
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26. Phosphating of Metals 

G. C Romrg 

Vice Presidentj American Chemical Paint Company 
Introduction 

The prevention of corrosion of metal surfaces exposed to abnormal or 
even ordinary oxidizing conditions is a problem on which much time and 
careful research have been spent. Most structural iron and steel is pro- 
tected by paint or pigments fairly impervious to gases and moisture, but 
these are merely adherent films which are adversely affected by contraction, 
expansion and abrasive influences. 

The importance of having rust-proof coatings which penetrate or mo- 
leciilarly bond themselves to metal surfaces and hence are not subject to 
deterioration from expansion and contraction was early recognized, and a 
number of processes based on the formation of oxide, sulfide and metallic 
films have been tried with m^re or less success. The plating of iron and 
steel with tin, zinc, copper, brass, nickel and chromium has been practiced 
for many years, but the use of such plated metal is restricted either by its 
rate of deterioration or its cost. 

Oxide or anodized coatings on metals (notably aluminum) have been 
successfully employed, but such coatings are not applicable to iron and 
steel. Sulfide films are of rather limited value since they have a tendency to 
oxidize and often are readily removed by mild abrasion. 

Through the agency of phosphoric acid, however, processes for the pro- 
duction of highly resistant films for metals have been developed that not 
only are relatively rust proof in themselves, but act as an excellent base for 
paint and other protective coatings. 

It is estimated that in 1950 sixty million pounds of phosphoric acid 
(75 per cent) were used for metal-working. The major portion of this 
amount was used in the phosphate treating of metals — ^particularly iron, 
steel, zinc, aluminum, and cadmium — ^prior to painting in order to improve 
the adhesion of paint-to-metal surfaces and increase the corrosion re- 
sistance of the painted surface. The use of phosphoric acid for this purpose 
is increasing annually and today nearly all of the painted sheet metal parts 
of automobiles, refrigerators, washing machines, and other electrical ap- 
pliances are subjected to one of the commercial phosphate treatments 
before painting. 
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A large tonnage of phosphoric acid is used in coating metal with a heavy, 
absorbent, crystalline phosphate film such as the well knbwn “Parkerized” 
finish, which provides substantial corrosion resistance without the benefit 
of paint or organic applications. Such coatings are rendered more effective, 
by applying thin films of soluble oils, waxes or varnishes and are valuable 
as corrosion-resistant finishes on iron and steel articles such as nuts, bolts, 
screws, washers, tools, ordnance parts, etc. 

A further, and highly important use of phosphoric acid in the metal 
industry is that of forming a phosphate coating on machine elements, such 
as pistons, piston rings, camshafts, tappets, gears, etc. This acts as a wear- 
resistant coating on the frictional surface of such elements®. This coating, 
when oiled and used as a bearing surface, becomes so smoothly burnished 
that friction, with the attendant evils of scuffing, scoring, galling, and 
tearing of the metal, is reduced to a minimum. 

Phosphoric acid is also rapidly gaining prominence in the metal industry 
for the production of phosphate coatings which are useful as drawing^® and 
stamping lubricants^®, and for the local nitriding of steePk 

A complete list of U. S. Patents pertaining to phosphate coatings for 
metals is given in Table 29 of the Appendix. 

Nature of Phosphate Coating Solutions and Coatings 

Bascially, the traditional phosphate coating bath is a dilute orthophos- 
phoric acid solution saturated with a primary metal orthophosphate. The 
metal phosphate is held in solution by virtue of the presence of the free 
phosphoric acid. While various metal phosphates have been used, com- 
mercial experience has shown the phosphates of zinc or manganese to be 
the most acceptable. When an iron or steel surface is subjected to the 
action of such a phosphate coating solution, the free phosphoric acid exerts 
a solvent action on the iron, causing a decrease of free acid at the metal- 
solution interface, resulting in the precipitation of metal phosphate on the 
surface of the metal being coated. The metal phosphate deposited on the 
surface of the metal being coated is a secondary or tertiary metal phos- 
phate, as contrasted with the primary metal phosphate which is present 
in the coating solution, Typical coating solutions for application by im- 
mersion are as follows : 

A ■ ■ 

Zinc phosphate, Zii(H 2 P 04) 2 0.244 1b 

Phosphoric acid (75%) 0.007 gal 

Water 0.976 gal 


1.000 gal 
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Manganese phosphate, Mn(H 2 p 04)2 0.2t)8 !b 

Phosphoric acid (75%) 0.011 gal 

Water 0.966 gal 

1.0('K)gal 

The nature of the phosphate coating and the rapidity with which it is 
formed are governed by several factors: (1) the cleaning and pretreatmeiit 
of the metallic surface prior to subjecting it to the coating solution* (2) 
the ratio of the free to combined acid in the solution; (3) the presence in 
the coating solution of various accelerating agents, such as oxidizing agents 
and small quantities of metals less basic than iron; (4) the method of ap- 
plication such as brush, immersion, or spray; (5) the temperature of the 
coating solution. 

In physical appearance, phosphate coatings vary from the heavy, dark 
gray, almost black coarse crystalline coatings produced in the immersion 
manganese phosphate baths, weighing in the neighborhood of 2,500 mg/sq 
ft and having a thickness of about 0.0002 inches, to the thinner, smoother 
coatings produced in the spray zinc phosphate baths, which are light gray 
in color, having a smooth slate-like texture and appearance, weighing 
approximately 200 mg/sq ft and about 0.000025 inches thick. The heavier 
coatings produced by the manganese phosphate baths are of the type used 
for obtaining corrosion protection on iron and steel surfaces which are not 
subsequently painted. This type of coating has been found to be most 
useful as a wear-resistant coating on friction-bearing surfaces. The thinner, 
smoother coatings resulting from the zinc phosphate type baths are more 
favored as bases for paint, as the smooth coating produced, while serving 
as an excellent corrosion-resistant bonding medium for paint, does not 
interfere with the inherent luster of the latter. 

Phosphating Pkocesses 

In the past seventy-five years patent literature has suggested many 
processes using phosphoric acid in treating metal. Of these many processes, 
only a few have proved to be of outstanding use to the industry. The three 
most prominent processes are: the ^‘Manganese Phosphate Coating Proc- 
cess,” the “Phosphoric Acid-Organic Solvent Cleaning Process’^ and the 
“Zinc Phosphate Coating Process.^’ The manganese and zinc processes 
differ from the “Phosphoric Acid-Organic Solvent Cleaning Process^' in 
that they are effective through the production of visible coatings of meas- 
urable thickness, while the “Phosphoric Acid-Organic Solvent Process^^ 
is effective through its cleaning and metal-conditioning action without the 
production of a visible coating. 



510 


PHOSPHORIC ACID AND ITS DERIVATIVES 


Other processes which should be mentioned are those in which phosphoric 
acid is applied to metal surfaces in combination with a paint base^^- or 
as an oil base for the purpose of increasing the bonding and corrosion 
resistance of the applied paint or oiO® ; and the relatively recent cold process 
amphorous phosphate coatings derived from the soluble molecularly de- 
hydrated phosphate glasses of the type of sodium metaphosphate^^^. 

A flow sheet showing a typical phosphating process, as well as the speci- 
fications for equipment and materials, is given in Figure 1. 

PHOSPHATING OF METALS 
FLOW SH&ET and equipment SPtClFlCATtONS 
for RINSE- PROCESS 



NOTES; •Sproy Rinsing must be used following olkoli cleoning. Provision should be mode for pumping rinse bolh from 
StogeZ fo Stoge B. or on osplrolorsimilorw No. 5296 filler pump of A. H.Thomoi. Philo, Po., con be used. 

AH tanks should be equipped with skimming troughs ond bottom droins tor cleoning. 

CfOtes or rocks may be of stoinless or mild slce(< cooled with o plostic focing or cooling of Ueilon, furnished by 
the United Chromium Corp., or cguol. 

Figube 1. Flow sheet and equipment specifications for rinse process. 


Manganese Phosphate Coating Process 

As early as 1869, Ross^^ a captain in the Royal Regiment of Artillery 
while on duty in the East Indies, discovered that phosphoric acid applied 
to a clean surface of iron produced a coating, which would “preserve the 
iron, steel, or metal so treated from the injurious action (in the shape of 
rust or other oxide) of water or damp air or perspiration.” However, it 
remained for Coslett in 1907 to discover a practical method for producing 
phosphate coatings®. He prepared what is essentially a ferrous phosphate 
coating bath by dissolving iron filings in a dilute phosphoric acid solution. 
This solution produced coatings composed of a mixture of ferrous and 
ferric phosphates, which were substantially resistant to corrosion. Cos- 
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lett’s disclosures, supplemeated by the work of Richards'^® and Ailen\ who 
suggested the use of manganese phosphate, resulted in the “Parkeriijiiig'^ 
process, which was widely accepted by the automobile industry for rust- 
proofing nuts, bolts, and other small parts. 

‘Tarkerizing’’ process consisted in placing articles to be coated in a 
wire basket or tumbling barrel and immersing them in a conventional hot 
alkaline cleaning bath for removal of grease, oil and dirt. This was followed 
by a water rinse, after which the articles were pickled in sulfuric acid to 
remove heavy scale and rust. (In many places sand blasting was us^ as a 
very effective substitute for the cleaning and pickling operations.) The 
pickling operation was followed by a water rinse, after which the article 
were immersed in the ^Tarkerizing’* solution. 

This solution was made by separate additions of phosphoric acid con- 
taining a small amount of dissolved iron and manganese dioxide powder. 
The directions called for the addition of sufficient acid to the aqueous bath 
to maintain a definite titration, and for the further additions of a definite 
quantity of manganese dioxide powder for each gallon of acid that had been 
required. The resulting coating solution was a mixture of iron and man- 
ganese phosphates, which produced a coating composed chiefly of man- 
ganese phosphate, along with a substantial percentage of iron phosphate. 

The solution was operated at a rolling boil and in order to obtain the 
desired coating it was necessary to immerse the articles in the bath for 
about two hours. The coating action was accompanied by a vigorous evo- 
lution of hydrogen gas from the surface of the articles being coated, and 
the cessation of this gassing was an indication that the coating action had 
been completed. Following the coating bath the articles were rinsed, dried, 
and immersed in a hot solution of a water-soluble black dye or stain. After 
removal from the stain and drying, the parts were finally immemed in a 
paraffin oil to give added protection to the phosphate coated surface. 

The modern manganese phosphate coating process is essentially the 
same as the original process just described, but it is operated in the light 
of present day knowledge of the workings of phosphate coating solutions. 
The baths are prepared and replenished with a concentrated manganese 
phosphate-phosphoric acid solution. Commercial concentrates made by 
dissolving manganese carbonate and phosphoric acid in water are avail- 
able. When diluted with the proper quantity of water they produce a 
coating bath properly balanced with respect to free and combined acid 
present. In operating the bath the ferrous iron is maintained at a minimum 
by oxidation with hydrogen peroxide or by aeration. The modem baths 
are operated at 200 to 210®F and the coating action is completed in 15 to 
30 minutes. A view of a manganese phosphate coating installation is shown 
in Figure 2. 
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Phosplioric Acid-Organic Solvent Cleaning Process 

This process was originally proposed by Feidt® in 1914, who claimed a 
' ‘Method of preparing steel for painting which consists in treating it with 
an admixture of alcohol and phosphoric acid, which will dissolve oil and 
act on steel.” Feidt’s discovery was very timely in that it was made when 
the automobile industry was beginning to adopt the steel body and was 


Figure 2. Mangiineso-phosphate installation for coating metal by immersion 
process. 


experiencing tremendous difficulty in obtaining the proper bond between 
paint and steel, and in preventing blistering and peeling of applied paint 
coats. The new process proved to be effective in treating metal surfaces 
prior to painting because it elinadnated the causes, of blistering and peeling 
by removing and destroying the corrosive effect of hand marks, grease, 
soldering acid, light rust, and annealing scale. In addition, the action of 
phosphoric acid provided a minute etch which promoted the adhesion of 
paint to metal. The process was found useful in cleaning most metal sur- 
faces. 
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Many modifications of the Feidt process have been suggested, of which 
the following are the most useful: that of Graveli*^ who suggested, the 
addition of a thickening agent, such as gelatine; Boyle and Klinger's^^ 
suggestion of butyl cellosolve as the o.rganic solvent, and Neilson^s*® addi- 
tion of a wetting agent. Another modification which proved of value was 
the proposal by Dinley^ of using a mixture of phosphorie acid, clay, and 
an organic solvent which was applied to a metal surface, oven dried and 
removed by brushing. 

Several commercial concentrates are available today for carrying out 



Figuke 3. Application of organic solvent— phosphoric acid cleaner to commercial 
refrigerator bodies. 

the Phosphoric Acid-Organic Solvent Process. These concentrates contain 
in the neighborhood of 70 to 75 per cent phosphoric acid and are diluted 
with 2 to 3 parts of water prior to using. In carrying out the process the 
metal surface to be cleaned is scrubbed with a long-handled brush with 
the diluted solution. After the rust and grease are removed, and before 
the solution dries, the surface is thoroughly rinsed with fresh water. This 
operation is followed by oven-drying or blowing dry with compressed air. 
For bmt results the cleaned and treated surface is painted immediately 
A modification of this process is known as ‘The Wipe-Off ’V process and 
this varies from that described in that the solution used is of a lower 
phosphoric acid concentration, which permits removal of the solution by 
wiping with damp cloths, thiB eliminating the conventional fresh water 
rinsing operation. This process is illustrated in Figure 3. 
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Zinc Phosphate Coating Process 

Zinc phosphate as a metal coating phosphate was originally proposed in 
1911 by Coslett^. However, because of the difficulties encountered in prac- 
tical operation of zinc phosphate solutions, many years elapsed and much 
knowledge of the workings of phosphate solutions was gained before the 
solution was put into commercial use. Today, a zinc phosphate coating 
produced from a zinc phosphate coating bath is considered by industry 
to be the most satisfactory coating for steel and zinc surfaces which are 
to be painted. The first commercial acceptance of zinc phosphate coating 
resulted from a process disclosed by GravelP®. This process used a solution 
of phosphoric acid containing some nitric acid and an organic solvent 
which, when brushed on a galvanized iron surface and allowed to dry, 
formed a zinc phosphate coating that was effective in bonding paint to 
the galvanized surface. 

In working with the Coslett bath, experimenters found that it exhibited 
some of the same disturbing characteristics that had been encountered 
with the manganese phosphate coating baths. The bath initially had a 
coating speed in the neighborhood of 10 to 15 minutes when operated at a 
temperature of approximately ISO^F, but the time required to complete 
the coating increased as a succession of metal pieces was processed in the 
bath. Further, when the bath was allowed to cool and then brought back 
to operating temperature, the coating characteristics usually changed, so 
that neither the appearance, the texture of the coating, nor the length of 
time required for producing it were the same. In order to make the process 
suitable for industrial use, it was necessary to solve these two problems 
and find some way of accelerating the initial coating action of the bath. 

Accelera.toks 

The accelerators which have been found to be useful in phosphate coat- 
ing baths may be divided into two classes: (1) the metal-ion type, such as 
copper or nickel; (2) the oxidizing-agent type, such as a nitrate or hydro- 
gen peroxide. The first disclosure of the metal-ion type of accelerating agent 
was made in 1919 by Chadwick and Resek^, who claimed that metals less 
basic than iron, when present in a phosphate coating solution, would act 
as accelerators in producing the coating action. Of the various metal ions 
claimed by Chadwick and Resek, copper proved to be the most valuable 
and the presence of from 0.002 to 0.04 per cent copper in the phosphate 
coating solution served to cut the coating time by as much as 50 per cent. 

A theory advanced to explain the accelerating action of copper, is that 
the copper, being less basic than the iron or zinc surface being coated, 
plates out in minute specks on the surface of the metal, thus setting up 
a multitude of electrolytic cells, in each of which the basic metal surround- 
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ing the copper speck dissolves at an accelerated rate and reacts with the 
coating solution to bring about a more rapid depasition of the pfKMphate 
coating. 

Another type of metal-ion accelerator which was found useful in pro- 
ducing phosphate coating on zinc was dlsclos^i by Iiomig ^®5 who found, 
that the addition of cobalt or nickel to a phosphate coating bath increased 
the speed of its action, especially on the spangled surface of galvanized 
iron. 

The oxidizing-agent type of accelerating agent was discovered by Tanner 
and Lodeesen-®, who claimed a method of expediting the coating effect of 
a metal phosphate solution by using an oxidizing agent in the solution 
having an oxidation potential not greater than the potential of the common 
bromates in a dilute phosphate solution. This discovery proved to be of 
I'eal value to the phosphate coating industry, since it was found that a 
.coating solution containing as little as 0.5 grams of sodium nitrate per 
100 cc would produce a coating in 1 to 5 minutes, depending upon the 
operating temperature and other characteristics of the phosphate bath. 

Another oxidizing agent which has proved useful to industry is hydrogen 
peroxide. This has an oxidation potential considerably higher than the 
common bromates in a dilute phosphate solution, but was found by Romig®^ 
to be effective in coating baths where the acidity was maintained below 
the equilibrium acidity by the continuous addition of a neutralizing agent 
for phosphoric acid. The neutralizing agent was usually caustic soda. 

Another means of accelerating phosphate coating solutions which should 
be mentioned, since it introduced the zinc phosphate coating solution to 
industry, is the alternating current process suggested by Romig^®. This was 
an electroplating process which used the zinc phosphate or Coslett solu- 
tion as an electrolyte. In carrying out the process the zinc phosphate 
coating was electro-deposited on steel by immersing the steel in the electro- 
lyte and passing an alternating current through the steel piece being coated, 
which served as one electrode and a steel tank which served as the other 
electrode and which contained the electrolyte. By this means a phosphate 
coating could be produced in the Coslett solution in from 1 to 3 minutes. 

As mentioned previously, one of the most troublesome difficulties with 
phosphate coating baths was their tendency to get out of balance, i.e., 
not coat properly if the temperature fluctuated to any great extent. This 
problem was solved by Thompson and Tanner^, who found that a bath, 
in order to be in balance, must have a definite proportion of total acid in 
solution to free acid, as determined by titration. They showed that the 
speed of coating could be increased by partially neutralizing the free acid, 
and that the most effective ratio was between 1 of free acid to 6 of total 
acidity and 1 of free acid to 15 total acidity. This disclosure proved to be 
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very valuable as it gave workers with phosphate solutions a means of 
predetermining the optimum free to total acid proportion of any particu- 
lar coating solution and of maintaining that range throughout the coating 
life of the solution. 

This technique of operating a coating bath, however, did not yield the 
answer as to why a freshly prepared bath had a higher coating speed than 
a bath which had been used to process a succession of metal pieces, even 
though the used bath were brought back to its original state of balance. 
The answer to this was given by Romig^^, who found that the slowing up 
action was due to an accumulation of ferrous iron in the solution. The net 
effect of accumulated ferrous iron was to change the original zinc or manga- 
nese phosphate solution into a zinc-iron or manganese-iron solution, which 
did not work as rapidly as the original pure solution. Experiments showed 
that a pure zinc phosphate solution would work faster than a manganese 
phosphate solution, which in turn would work faster than an all-iron phos- 
phate solution. In other words, contaminating the zinc or the manganese 
solutions with iron resulted in slowing up their coating action. 

This problem was solved by maintaining in the coating bath, at all 
times, a small quantity of an oxidizing agent capable of oxidizing ferrous 
iron to ferric iron in a dilute phosphate solution. Ferric phosphate is in- 
soluble in this type of bath and consequently is precipitated out of the 
solution in the form of a sludge. Sodium nitrate was found to be the most 
valuable agent for keeping the bath free of ferrous iron. This served a dual 
function in that it oxidized the ferrous iron to ferric iron, and at the same 
time, by virtue of the presence of the sodium ion, neutralized the free 
phosphoric acid that was liberated during the oxidation. 

The high-speed phosphate coating solution used today is a zinc phos- 
phate solution containing sodium nitrate as an accelerating agent and 
sodium nitrite to prevent the accumulation of ferrous iron; this is kept 
in proper balance by the addition of caustic soda when required. This 
solution is useful for producing a phosphate coating on both steel and 
zinc and is applied by either the dip method or by means of a spray. 

Dip Application 

In the dip method the parts treated are immersed in six different solu- 
tions and are carried through these various solutions mechanically by 
means of a conveyor. The first stage of the process consists of immersing 
the parts being treated in a mild alkaline cleaning solution for approxi- 
mately 5 minutes to remove oil, grease, and other extraneous matter. This 
is followed by two water rinsing stages. Where an especially smooth phos^ 
phate coating is desired the water in the second rinsing stage is replaced 
with a dilute oxalic acid^^ solution, if steel is being treated, or with a 


PBOSPHATING OF METALS, 


517 


dilute alkaline phosphate solution^® if zinc is being treated. .After the parts 
being treated have been cleaned and rinsed they are immersed in the phos- 
phate coating solution, where they remain for 1 to 3 minute. This solution 
is maintained at an operating temperature of 180®F. On removal from the 
phosphate solution the parts, are rinsed with hot water, followed by another 
rinse in a dilute chromic acid solution®, after which the parts are dried in 
an oven and are ready for painting (Figure 4). 



Figure 4. Applying phosphate-chromate coating by the Dip Process. 


Spray Application 

The most efficient and most economical method of applying phosphate 
coating solutions is by means of a spray. This method is used by the auto- 
mobile, refrigerator, and washing machine industries in producing phos- 
phate coatings on sheet-metal parts prior to painting. The process is 
carried out in a six-stage spray washing machine. The parts being treated 
are carried through the washing machine on an overhead conveyor (in the 
case of automobile bodies on a floor conveyor), the speed of the conveyor 
being adjusted so that approximately one minute is required for the parts 
to pass each of the six-spray stages. Each stage is complete with its own 
solution tank, pump, risers, nozzles, and draining section. The first stage 
is the cleaning stage, where the parts being treated are sprayed with an 
emulsion-type alkali cleaning solution® at a temperature of 130 to 140°F. 
This is followed by two stages of water rinsing. The fourth stage is the 
zinc phosphate solution and is usually operated at a temperature of 160 
to 180°F. This is followed by a water-rinsing stage which in turn is followed 
by a dilute chromic acid rinsing treatment. On leaving the washing machine 
the parts go through a drying oven, after which they are ready to be 
painted (Figure 5). 
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Cold Phosphating 

A useful modification of the immersion and spray zinc phosphate proc- 
esses just described is known as the room temperature, or cold zinc phos- 
phate process. In this process^’’ the cleaning and rinsing solutions are 
operated at the temperatures specified above but the phosphate coating 
solution is operated at room temperature or slightly higher. Such low 
temperature operation is made possible by proportioning the free phos- 
phoric acid in the coating solution so that the solution is about 20 per 
cent supersaturated with respect to the zinc phosphate present. This solu- 


_ Figubb 5. Power spray washer for the application of phosphate coatings to alum- 
inum parts. 


tion, with the addition, of an oxidizing agent such as sodiiun nitrite or 
sodium bromate, will produce a satisfactory coating on a steel surface in 
from 1 to 2 minutes at temperatures varying from 70 to 120°F, depending 
upon the extent of the supersaturation of the solution. 


Phosphate Coating op AixjMiNtrM 

A recent development in the phosphate coating industry is a process 
disclos^ by Spruance” for producing a phosphate coating on aluminum 
by subjecting it to a solution containing phosphoric acid, chromic acid, 
and fluoride ion. The coating produced by this process improves the cor- 
rosion resistance of aluminum and serves as a paint-bondii^ coating. 
Another phosphate process for aluminum is described by Gibson and 
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Russell^®. In this process an aluminum surface is reacted in a metal acid- 
phosphate solution containing oxidizing agents and a complex fluoride 
•accelerator to produce a crystalline non-metailic phosphate coating adapted 
to inhibit corrosion and increase the adherence of any applied paint film. 
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Phosphoric Acid in the Cane Sugar Industry 

Phosphoric acid, soluble phosphates, and insoluble phosphates are widely 
used both in the manufacture and in the refining of cane sugar. Lime is 
universally used in all sugar work to neutralize organic acids and to form 
a precipitate that may be removed by filtration or sedimentation, but 
phosphate in some form is the commonest adjunct to lime in raw cane 
sugar manufacture and refining. 

Early History 

Early publications to phosphatic materials as defecants and clarificants 
appeared over 100 years ago, from 1830 to 1850’^®. This was the period 
during which the cane sugar industry was being revolutionized. 

In raw sugar manufacture, the addition of P 2 O 6 in some form was prac- 
ticed in various processes during the last half of the nineteenth century. 
Monocalcium phosphate pastes, liquid phosphoric acid, and acid mixed 
with kieselguhr were the commoner forms in which phosphates were em- 
ployed. One of the uses of phosphoric acid reported in the latter part of the 
century was the addition of a small amount of clear acid to the wash water 
at the centrifugals to brighten the crystals. The more general use of phos- 
phates to improve defecation in raw sugar manufacture is a development 
of the past 25 years. 

In sugar refining, phosphoric acid defecation has gone through three 
phases. As early as 1850, patents were recorded in England for phosphate- 
lime defecation, but the use of bullock’s blood and lime for clarifying the 
raw liquor preliminary to char filtration continued for 30 years or more. 
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Oil heating the. sugar liquor, the albumin in the blood coagulated and 
trapped the precipitated lime salts, finely suspended matter, waxes, gums, 
and pectins i.n a form that could be removed by skimmi.ng, or filtration. 
About 1880, at which time large-scale refining began to develop, the use 
of blood was almost entirely superseded by the more sanitary and efficient 
phosphate-lime defecation. Inert filter-aids largely replaced the phosphate- 
lime treatment about 1915, but within the past 20 years interest has 
greatly increased in the use of P 2 O 6 in refining* 

Modern Raw Sugar Clarification 

Extensive investigations into the nature of the clarification process in 
manufacturing raw sugars were begun about 25 years ago by various 
agencies. For nearly 300 years the universal practice had been to add lime 
to the cane juice as it came from the mills, heat to the boiling point or 
above, and then allow the treated juice to stand in open clarifiers until 
the precipitate settled or floated. After this treatment the clear Juice was 
drawn off and the muds and scums filter-pressed. See the flow sheet (Fig- 
ure 1 for the manufacture of raw sugar). The procedure was effective for 
juices from the so-called native canes in various countries, but with the 
introduction of new varieties of cane and continuous defecation systems 
it became evident that little or nothing was known scientifically as to 
what happens to cane juice when subjected to the action of lime and heat* 

The Role of Phosphates in Clarification 

The accumulation of evidence in the many investigations indicated that 
the phosphate content of the juice was of the utmost importance in clari- 
fication; in fact, for several years it was believed that the amount of PaOs 
in the juice was a direct measure of the efficiency of the heat and lime 
process. More recent studies have modified this opinion somewhat, and it 
is now known that the availability of the phosphate and possibly other 
factors are also of great importance. 

Walker®^, in one of the earlier investigations, showed that phosphate 
fertilizers added to soils on which cane is grown increased the P2O5 in the 
juice and improved the clarification. McAllep and Bomonti®® found that 
Hawaiian juices would not clarify properly unless 30 to 35 parts of PaOs 
per 100,000 parts of juice were present. Most other investigators during 
that period, and even later, agreed that for good clarification juice should 
contain at least 30 parts P 2 O 6 per 100,000^^’ In an extensive 

study in Puerto Rico on ‘The Influence of Phosphates on Defecation” 
(or clarification) Fame, Keane, and McCalip^® proved that it is immaterial 
whether the phosphate is naturally present or added to the juice as a 
defecant. 
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Honig, working with juices from Java^®, said that the P2O6 content is 
the mcBt important constituent of the juice affecting clarification. Norman 
Smith’'® described the P2O6 content as the vital factor in the clarification 
of juices from Queensland, Australia. The addition of soluble phosphates 
to juices has become general in the last 20 years. Exceptions to the rule 
that the more phosphate the better the clarification began to be reported 
even while others were affirming the principle^®- 47, 59. 67 , 70^ 

Working with canes in the British West Indies, Davies showed that 
juice from POJ cane (Java variety) averaged 0.035 per cent P2G5 and 
invariably clarified poorly, whereas- the juice from another cane variety 



containing only 0.013 per cent P2O6 was very easily clarified. He also noted 
after clarification that with the POJ juice the P2O6 content was more than 
twice that of the other. 

Summarizing the findings of these various investigators it may be said: 
(1) that the phosphate content of the cane juice has great bearing on 
clarification; (2) that it is not an invariable measure as was believed some 
years ago; and (3) that the addition of a soluble phosphate to the juice is 
generally beneficial. 

Addition of Phosphate to Aid Clarification 

On the basis of the above findings it has become general practice in raw 
sugar manufacture to add a soluble phosphate to the juice, particularly 
where clarification is difficult®^* One large sugar factoiy in Cuba 
started experimentation with added phosphate in 1928 and the value was 
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so evident that the procedure is now routine. The material used, is powdered 
triple superphosphate of the type used as a fertilizier and contains 48 per 
cent P2O5. No .mechanical equipment is used for the addition. The powdered 
superphosphate is mixed in small cast iron tanks and the proper amount of 
the mixture added to each scale tank of juice by the operators to give 
44/100 pounds of dry powder per ton of cane. This proportion is equivalent 
to about 10 parts of P2O5 per 100,000 parts of juice. The untreated juice 
at this factory averages 18 to 20 parts of P 2 O 6 per 100,000 parts of juice 
so that the total P 2 O 6 in the juice after treatment approaches 30 parte per 
100 , 000 . 

The treatment not only improved clarification but greatly improved the 
quality of the raw sugar. The sugars from phosphated juices are brighter 
in appearance and of greatly improved refining quality. Because of the 
wide variation in the character of the cane entering a raw sugar mill, it 
has not been possible to measure these improvements quantitatively, but 
the increased elimination of colloids by the addition of phosphate has 
undoubtedly resulted in an increased yield sufficient to pay for the phos- 
phatation. 

Another Cuban factory adds superphosphate in two doses — one to the 
cold juice and the second to the hot juice before settling. The second 
application is made with such varieties of cane as POJ 2878, the total 
added phosphate sometimes reaching 2 pounds per ton of cane ground 
(about 24 parts per 100,000 of juice). This treatment has produced much 
clearer juice and sugars of better refining quality. 

Direct Consumption Sugars 

A sugar boiled directly from concentrated cane juice without the inter- 
vening step of making a raw sugar for refining is termed a direct con- 
sumption sugar. It is sold under various trade names such as * ‘Plantation 
Granulated, “Yellow Clarified,^’ and “Turbidnado,” depending on the 
whiteness of the product^h 

Sulfur dioxide and carbon dioxide in combination with lime are custom- 
arily used, the processes being called sulfitation and carbonatation, re- 
spectively. With sulfitation the general process is to pump the raw juice 
through a sulfur tower in a countercurrent of sulfur dioxide gas. The juice 
is then neutralized with lime and the calcium sulfite precipitate filtered 
by any one of the usual means. The use of phosphoric acid in conjunction 
with sulfitation gives a sugar of better quality than sulfiting alone and has 
been used in both South Africa^® and in Mauritius®^. According to Bymond®® 
phospho-sulfitation as practiced in South Africa showed a much higher 
removal of gums (alcohol precipitate) than did sulfitation. 




The raw washed sugar liquor from the melter is generally acid and con- 
tains some insolubles, such as bagacillo (fine cane fiber), clay and sand; 
also fine suspensions and dispersoids, as well as gums, pectins, albumin 
and other true colloids that have escaped the clarification system in the 
raw house or that have been formed in the subsequent manufacturing 
steps- The afiination sirup purged from the raw crystals contains the major 
portion of the impurities from the raw sugar, in similar form but more 
concentrated. In discussing the use of phosphate for refining, the washed 
sugar liquor only will be considered. 

The purpose of defecation in the refinery is: (1) to remove all insolubles 
and fine suspended matter to give a clear solution that will char-filter 
readily, and (2) to remove insofar as possible colloids, gums, pectins, 







MANUFACTURE AND REFINING OF CANE SUGAR 


525 


albumin, and coloring matter. Two processes of a distinctive nature are 
in use in the United States. 

Pressure Filtration with Inert Filter Aids 

The widely used pressure filtration was introduced about 1915 when 
leaf-type pressure filters such as the Sweetiaitd, Kelly and \"ailez were 
brought into commercial use. This process superseded phospliate-lime de- 
fecation with bag-filters. Essentially, it consists of neutralizing the acidity 
of the liquor with milk of lime (7.0 to 7.2 pH) and then adding diatomac^eous 
earth in the amount of 4 to 8 pounds per ton of solids. Filtration is effe<aed 
at 180°F on either cloth or fine wire-mesh screen in leaf filters. The lime, 
about 300 pounds per million of solids, together with the heat, precipitates 
some of the organic and inorganic acids and acid salts and floeeiilates some 
of the colloids. The porous mineral filter-aid coats the fabric of the filter, 
trapping the precipitate and suspended material. The action of the filter- 
aid is largely mechanical. Although some colloids are adsorbed, there is 
little color removaPh Affinatipn sirups are similarly filtered, using about 
40 to 50 pounds of diatomaceous earth per ton of solids. Customarily, the 
filter-aid from the washed sugar liquor is re-used by beating the (‘ake to 
slurry with water and then adding this to the lower grade vsirup to l>e 
filtered, precoating the filter with fresh earth. 

Phosphate-Lime Defecation 

The use of phosphoric acid and soluble phosphates in early refining has 
been broadly reviewed. Until the introduction of inert filter-aids, as de- 
scribed in the preceding paragraph, phosphate-lime defecation was the 
only method in general use, the precipitate being removed by the Taylor 
bag-filter. This phosphate-lime defecation is still essential in the refineries 
that employ the Williamson defecation system and is the second method 
used in the United States. The use of phosphate has been on the increase 
during the past 20 years, although pressure filtration with diatomaceous 
earth still predominates^^. The phosphate defecation is carried out by the 
basic procedure developed 50 years ago. 

The amount of P2O5 varies from 0.02 to 0.04 per cent of solids and may 
be in the form of monocalcium phosphate, phosphoric acid paste, or clear 
phosphoric acid. The early practice was to make a paste by treating bone 
char dust with hydrochloric or sulfuric acid. These methods are now of 
only historical interest. 

The present practice is to purchase phosphoric acid in bulk in rubber- 
lined tank cars. This acid is used either directly or as a paste made by 
mixing the acid with discard bone char dust. The monocalcium phosphate 
paste so formed is free of the objectionable qualities of the older hydro- 
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cMoric and sulfuric pastes, as all the salts formed are phosphates. The lime 
in refineries is the hydrated type, or more recently pulverized quicklime, 
made into a milk and circulated to the blow-ups and other parts of the 
plant. The amount of lime used with the phosphate treatment is greater 
than for the inert filter-aid process because the added P 2 O 5 as well as the 
organic acids of the raw liquor must be neutralized. With ordinary raw 
sugars about 800 pounds of lime (CaO) per million pounds of melt is 
average. 

The action of the phosphate-lime treatment with heat causes coagula- 
tion and precipitation of the greater part of the gums, albumins, and pectins 
together with the formation of a tricalcium phosphate. The heavy floccu- 
lent precipitate entrains with it bagasse fiber, jute, clay, and other insol- 
ubles, the finely suspended materials and suspensoids, as well as a large 
part of the colloids. Long experience and extensive experiments have shown 
that a large amount of color is removed by the phosphate treatment. 
This color removal and the elimination of colloids by the acid-lime treat- 
ment are its great advantage over pressure filtration with inert filter-aids. 

The amount of color removed by phosphoric acid varies from 20 to 40 
per cent of the total color, which means that the bone char required for 
decolorizing will be from 40 to 60 per cent less than with the untreated 
liquors. Cummins and Morris^® found that affination sirup treated with 
0.1 per cent P2O5 showed 20 per cent less color at 495 mju and 28 per cent 
less at 620 mju than did the same sirup pressure-filtered with inert filter-aid 
neutralized to the same pH (7.2). These investigators stated ^The same 
amount of char will decolorize 50 per cent more sirup treated with 0.1 
per cent P2O5 than it will untreated.’^ 

The clarity of the phosphate-treated sirups in the Cummins-Morris 
experiments was also much superior to that of the untreated; in fact, the 
turbidity of the phosphate-treated sirup before char filtration was less 
than half that of the untreated sirup after char filtration. This clarity due 
to phosphate treatments is of the utmost importance, as it is a well recog- 
nized fact in sugar refining that clear liquors yield much better refined 
sugars than do cloudy liquors of lighter color. 

Williamson Defecation System 

The present method of removing the phosphate precipitate from the 
washed sugar liquor is by air flotation. This system, invented by George 
B. Williamson®^ of Louisiana in 1918, consists of impregnating the phos- 
phate-treated liquors with air, by any of several means, at a temperature 
of about 140T and then heating the liquor in a continuous clarifier so 
that the air bubbles carry the precipitate to the surface to form a blanket 
of mud. 

The original Williamson clarifier was a flat tank 12 feet long by 6 feet 
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wide and,, 1 foot deep, heated by tramveme steam pipes. Air-im,pre,gnated 
liquor enters the rear of the clarifier and flows through it at the rate of 
about 1, OCX) gallons per hour. The air bubbles rise, because of temperature 
gradient, carrying with them particles of floe to form a thick blanket of mud 
covering the entire surface of the liquor. Clear liquor is drawn off the front 
end through overflow tubes below the mud blanket, and the mud is pulled 
over the lip by a roller. The mud is then diluted and filter-pressed, the 
sweet water being used to melt the incoming raw sugar, and the press-cake 
is discarded. Various modifications of the Williamson clarifier have been 
devised and described^^* se. 4o, ei^ 

The Williamson system works extremely well. Its primary advantage, 
aside from simplicity and reduced coste^^- is that it permits the use of 
phosphoric acid — ^lime defecation with the attendent large removal of color 
and colloids. 

Phosphoric Acid with Inert Filter-Aids 

In order to overcome the objections raised by critics of the Williamson 
system, many attempts have been made to gain the advantages of phos- 
phoric acid in combination with the pressure-filtration system. The use of 
paper pulp as a filter-aid with phosphoric acid has been successfully, 
though not generally, carried out^. The addition of phosphoric acid in 
small amounts, together with filter-aids, of high porosity, has been recom- 
mended for washed sugar liquors and affination sirups^^* This practice 
has not been generally adopted as it involves the expense of the filter-aid 
and filtration, together with the expense of the phosphoric acid. The use 
of both systems shows that the manufacturers of filter-aids have recog- 
nized the great advantage of phosphoric acid in refining, although for many 
years these advantages were denied or minimized. They are attempting to 
gain the advantage of both systems; that is, the positive filtration with 
filter-aids and the colloid and color removal of the phosphate treatment 
without heating the liquors to the high temperatures needed with the 
Williamson system. In this connection Robert Boyd^® proposed the re- 
covery of the filter-aid by an acid washing of the filter cake. 

A recent patent^® embodies the use of diatomaceous earth of graded 
particle size, mostly coarser than 10 microns, together with phosphoric 
acid and lime which has for its purpose the combination of the two systems. 
The claims for the patent are that the results. are satisfactory as to rate 
of filtration, clarity of filtrate, and color removal. 

Phosphate Treatment of Soft Sugars 

A supplementary use of PaOs more or less general in refinery work is the 
treatment of soft sugars with phosphoric acid. These soft sugars range 
from a very light yellow to a dark brown, have a soft grain and texture, 
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and are sold according to their colors, which are designated by numbers 
from 1 to 16. A small amount of dilute acid or monocalcium phosphate 
solution is sprayed on the sugar in the centrifugal, which results almost 
immediately in a marked brightening and improvement of the color of the 
product. The acid acts in several ways in this color improvement: by 
reducing the pH of the sirup on the crystals, by breaking up the salts of 
organic acids and releasing the volatile acids, and by precipitating the 
dark-colored organic iron salts as colorless phosphates. Aeration to remove’ 
fumes of organic acids is necessary before the sugar is packed. H. C. Welle^® 
is generally acknowledged as the inventor of the phosphoric acid bloom 
treatment for soft sugars. 

Bone Char Process in Cane Sugar Refining 
Introduction 

In addition to soluble phosphates, an important insoluble form is widely 
used consisting of a basic tricalcium phosphate mixture prepared from 
selected animal bones. This granular solid adsorbent is known as bone 
char and is used in commercial operations for the decolorization and puri- 
fication of impure sugar solutions. This has been accomplished on a plant 
scale since about 1825 by passing the sugar liquors through the char con- 
tained in one of a number of filters 9 to 12 feet in diameter and 20 to 24 
feet high. In a normal operating year approximately 10,000,000,000 pounds 
of raw cane sugar are refined in the United States requiring the use of about 
half of this weight of bone char. However, so enormous a quantity of bone 
char is not required since the char may be successfully and economically 
revivified many times. It is reliably estimated that in 1948 there were in 
the United States and Canada about 110,000,000 pounds of bone char in 
actual service. 

The early history of the bone char process in sugar refining has already 
been reported^k Throughout the 125 years during which bone char has 
been utilized by the sugar refining industry there has been steady progress 
toward simplification in the chemical and mechanical operations. The acid 
and alkali treatment so prevalent in the early application of bone char in 
European beet sugar production has been entirely eliminated. Likewise, 
the fermentation step, which was conducted before the drying treatment, 
has been abandoned. The simplification became necessary because of the 
requirements of large-scale operations. The transition from small-scale 
operations to fewer refineries of larger capacity had the natural effect of 
stabilizing the refining procedure. In particular, the bone char process was 
standardized. The large investment by the refineries in the necessary stock 
piles of bone char has been one of the influences in the continued use of 
the process in cane sugar refining. Bone char also has advantages of sim- 
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piicity of operation,' effectiveness as a purifying agent, and cheapness on a. 
unit basis. 

The details of operation with the bone char process vary considerably 
in different refineries. A number of factors iniuence the process but are 
not directly involved in the operations with bone char. Some of these are: 
(1) variations in the raw sugars; (2) the defecation technique; (3) relation 
of char and of vacuum pan capacity to the melt; (4) demand for specialty 
liquors, specialty sugars, softs, blackstrap, and barrel sirup; (5) quality of 
fine granulated sugars. Because of these variations the process can be 
discussed only in general. 

Manufacture of Bone Char 

Primary among the economic factors of the bone char process is the 
cost of the new bone char which must be continuously injected into the 
process in small quantities ranging from 15 to 25 per cent of the stock of 
service char per year. The crude bone for the manufacture of bone char 
is imported chiefly from South America. The majority of this tonnage is 
used in the manufacture of bone char, and a lesser quantity goes into the 
manufacture of glue. Bone after glue extraction is unfit for bone char and 
ultimately goes into cattle feed preparations. Table 1 gives the annual 
tonnage of these imports during the period 1938-1948 for the six major 
bone-exporting countries, namely, Argentina, Uruguay, Brazil, Mexico, 
Cuba, and Canada. Bone is also obtained in smaller quantities from Co- 
lombia, India, Siam, Australia, China, Libya, Madagascar, etc. 

Although the cost of bone char is subject to fluctuations in the price 
of imported bone, it remains a comparatively cheap refining aid. Moreover, 
the revivification of char is accomplished rather inexpensively. Char can 
be revivified at an average cost of four to nine cents per 100 pounds, de- 
pending on fuel and other costs. Nevertheless, the total revivification costs 
are appreciable because of the large tonnage of char in process. 

In recent years the cost of char has naturally increased, since it is de- 
pendent on the availability of the supply of bone, which in turn depends 
on world trade conditions. Recently, the cost of new bone char to the cane 
sugar refiner reached an all-time peak. In Figure 3 the cost of char (cane- 
sugar grade) has been plotted for the period 1905 to 1950 on the basis of 
data from several independent sources. 

There are two processes used in the manufacture of bone char. The older 
practice is to heat the ground or cracked bones in a retort at 1000 to 1300°F 
from 9 to 12 hours. Apparatus commonly used consists of tubular vertical 
retorts about 12 inch^ in diameter set vertically in a furnace. Each retort 
extends through the top and bottom of the furnace. The operation is on 
the batch principle. The retort is filled with ground or cracked bones 
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introduced through, the charge opening at the top. The charring operation 
is continued for 9 to 12 hours at the temperatures mentioned, depending 
on the type of bones charged and the quality of the char desired. The 


Table 1. Impoets op Ckude Bone into United States* 


Year 

Total i 

(long tons) 

Per Cent of Total from Major Bone-Exporting Countries 

Argentina 

! Uruguay 

Brazil 

Mexico 

Cuba 

Canada 

1938 

20,142 

44.9 

17.0 

8.7 

3.2 

15.0 

7.1 

1939 

35,081 

60.2 

5.4 

10.9 

9.1 

9.3 

3.9 

1940 

35,677 

57.4 

4.4 

6.4 


12.6 


1941 

77,703 

45.3 

2.0 

7.1 

0.4 

22.0 

18.9 

1942 

41,225 

44.0 

10.5 

6.3 

0.7 

15.7 

15.0 

1943 

34,764 

41.1 

15.5 

4.9 

0.8 

25.3 

9.4 

1944 

45,356 

54.5 

8.5 

2.7 

2.5 

19.2 

8.5 

1945 

41,007 

52.2 

5.5 

2.2 

1.6 

17.8 

13.1 

1946 

41,338 

56.1 

5.3 

3.5 ; 

0.2 

14.5 

10.9 

1947 

60,230 

62.6 

1.8 

4.3 

0.6 

10.8 

7.8 

1948 

47,048 

59.9 

2.5 

2.1 

5.2 

11.9 

8.4 


* “Foreign Commerce and Navigation of the United States,’^ compiled by the 
Bur. of Census, U. S. Dept, of Commerce. 


CMt of N*w Bom Chor (Com Sit9vR*f]Mr^ Oiotfo) 
S Ptr ton nf 2000 Mto. 



Fioxjee 3. Cost of char (cane sugar grade) for the period 1905 to 1950. 

volatile matter which is withdrawn through vents at the top of the retort 
IS collected and treated for the recovery of such by-products as ammonia, 
tar, and fixed gas. Upon completion of the charring operation, the bone 
char is discharged through a gate at the bottom into drums. The effect on 
the quality of the char of the kind of bones used in its manufacture has been 
discussed by H. 1. Knowles^®. 
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k continuoiis manufacturing process was introduced in 1932“ whieh. 
employed two rotary retorts in series. The ground or cracked bones are 
passed through an externally-heated rotary retort at a temperature of 900 
to 1300®F for a period of from 1 to 2 hours, during which period the volatile 
matter is driven out of the bone. The material is then heated for a very 
short period (5 to 15 minutes) at a temperature from 1500 to 2IXX}‘^F in 
the second rotary retort. The char leaving the second rotary retort passes 
through a cooler in which the char is cooled in the absence of air. The 
rotary retorts are arranged one above the other and the flue gases from 
the lower high temperature retort contribute to the the heating of the top 
retort. The advantages of the continuous process are reduction in labor, 
time of charring, and consumption of fuel as compared with the batch 
process. 

A particularly promising synthetic substitute for bone char has recently 
been announced. The new material, called ‘‘Synthad,” is formed from a 
mixture of a freshly precipitated basic calcium phosphate, a clay, and a 
carbonizable material. The mixture is extruded, dried, sized, and then 
carbonized in retorts in a manner similar to the treatment of natural boneh 
Barrett and Brown^ have designated the requirements of a substitute for 
bone char. The new adsorbent has been subjected to a detailed plant scale 
comparison with natural bone char* and the results have indicated that the 
synthetic material is a satisfactory replacement for nauural bone, and in 
addition due to superior hardness, may reduce the make-up requirements 
of the bone char process by about 20 per cent. 

Unit Operations 

The bone char process may be considered to consist of six unit operations. 

(1) Fresh or revivified bone char (about 45 tons) and the requisite 
amount of sugar liquor are introduced into the char filter. This process is 
generally known as ^^settling^’ the filter. 

(2) A specified sequence of sugar liquors is passed through the char 
filter, an operation which may last anywhere from 30 to 130 hours de- 
pending upon the type of sugar liquors. 

(3) The sugar liquor is replaced with water, the first stage of which 
consists in a displacement of the sugar liquor. This is then followed by an 
intermediate stage in which the sugar concentration rapidly diminishes. 
The latter stage is known as sweetening-off . The flow of water is continued 
in a final stage known as washing to the sewer. After the water has been 
drained from the filter the wet char is removed through a bottom door 
and distributed by means of a conveyor system into hoppers located on 
the floor below. 

(4) This step is a drying operation in which the moisture is reduced from 
20 to 25 per cent to 8 to 12 per cent. 
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Figure 5. Individual granules of used natural bone char magnified 26.3 times 
retained the bone structure but show the wear of the granules in the rounding off of 
the corners and edges. 
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(5) The- char passes through the kiln where it is heated to a defi-nite 
temperature for a specified time, after which it is cooled. The revivified 
char is returned to the filters by a vertical elevator system. The conveyor 
systems required to handle the wet and dry char may be claasifi^ as 
material handling and constitutes the sixth unit operation. 

Settling of Char Filter. The settling of a char filter is accomplished in 
three different ways. In dry-settling the filter is filled with dry revivified 
char and the sugar liquor then introduced. The two other methods are 
known as wet-settling. In one of these the filter is settled by the simultane- 
ous addition of bone char and sugar liquor. The other method consists in 
filling the filter about two-thirds full of sugar liquor and then adding the 
dry char. The quantity of liquor and the addition of char are chosen so as 
to end up with a filter filled with char completely covered by liquor. 

The distribution of the particle sizes of the char in the filter is of great 
importance, and this is thought to have considerable influence in the re- 
sulting flow through the filter. The influence of the particle size of the char 
on the decolorizing power has been discussed by de Whalley and Albon^®. 
Dry-settling has been observed by H. 1. Knowles^® to result in pronounced 
channeling and significant differences in the time of contact between the 
char and the flowing liquor. There is a definite temperature rise which is 
attributable to the release of the heat of wetting of the dry char by the 
water contained in the sugar liquor. De Whalley and Dickinson^ have 
determined the heat of wetting by water and by OO^Brix sugar liquor and 
report that the presence of the sugar did not affect the heat of wetting. 
Despite the complications of dry-settling and its possible shortcomings, 
it is a necessary operation in starting up a refinery after week-end or other 
shut downs. 

In the majority of operations one of the two methods of wet-filling is 
practiced. In the simultaneous addition of the char and liquor, both are 
fed continuously to some mixing device located in the neck of the filter. 
The ratio of char to liquor is regulated so as to form a viscous mixture 
which then falls into the filter. It is believed that the segregation of the 
large from the small particles is prevented by the high viscosity of the 
mixture. 

The second method of wet-filling is sometimes known as the drowning 
process. After the filter has been filled to about two-thirds full with sugar 
liquor, the dry char is added. Whereas there is undoubtedly some segre- 
gation of the various sizes of char particles as they settle to the bottom of 
the filter, in the opinion of some operating men, that channelling is largely 
eliminated by either of the two wet-filling processes. 

Either method of wet-filling char filters usually requires that a portion 
of the filter at the bottom be filled with dry char. This apparently serves 
two purposes: (1) to keep the filter blanket in place and, (2) to help pro- 
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duce a clear initial Hqnor instead of a hassy liquor which necessitates a 
refiltration. In recent years the conventional cloth blankets have been 
replaced by metal screens. Filters so equipped do not require the addition 
of a footing of dry char, except where it has been found necessary to pre- 
vent the formation of a hazy liquor. 

Filtration Operations with Sugar Liquors, It should be noted that the 
bone char process is located in a position about midway in the refining 
procedure. A typical flow diagram for cane sugar refining is illustrated in 
in Figure 2^®. The operations before the bone char process include the 
material handling of the raw sugar, the removal of the film of molasses 
which surrounds the individual grains of raw sugar (affining), the solution 
of the washed raw sugar (melting), and the defecation of the resulting sugar 
liquors. After the bone char process, there are the operations with the 
vacuum pans, the centrifugals, drying and screening of the sugar crystals, 
and the packaging of the sugar products. 

The quantity and quality of the sugar liquors introduced to a char filter 
vary considerably in different refineries. In general, the best decolorization 
and ash removal is attained in the early stages of flow through the char 
filter. The usual procedure is to settle the filter with once-filtered high-test 
sugar liquors (i.e., liquors for refiltration) and to run for a definite period 
of time using the same material. This is followed by a grade of material 
known as washed sugar liquor which may or may not contain remelt sugar 
liquor. When this grade of material begins to deliver liquor of a yellowish 
coloration, instead of nearly water-white, it is generally sent through 
another char filter for refiltration. It is then customary to introduce into 
the filter a material of intermediate purity. This is followed by sugar liquor 
of the lowest purity to be char-filtered. 

In addition to purity consideration, the sugar liquors intended for char 
filtration are specified by their density (°Brix), pH, color, ^h content, 
and temperature. The Brix is usually in the neighborhood of 60 to 65® 
and the temperature about 160 to 180®F. All efforts are made to maintain 
the pH of the liquors on the char filter in the vicinity of 7.0. The pH 
changes are influenced greatly by the electrolytes contained in the liquor 
as recently shown by K. Lowy®^ and C. W. Beal®. The density of the lower- 
purity liquor is usually adjusted to be somewhat less than those of highest 
purity and the temperatures also increased somewhat. The influence of 
anions on the decolorization of sugar liquors by bone char has also been 
investigated by E, Lowy®®. The decolorization of Chinese raw sugars by 
bone char has been discussed by Li, Chang, and Liu®^ 

Operations with Water-On. After the allotted quantity of sugar liquor 
has passed through a char filter, the supply of liquor is replaced by hot 
water at about 200®F. The accepted procedure has been to postpone the 
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addition of water nntE the level of the sugar Equor recede into the top 
level of the char. However, a recent innovation has been proposal in which 
the water is added immediately without baring the char®. 

During the process there is a certain amount of mixing of the sugar 
liquor with the water to form sweet water. It is advantageous and often 
very necessary to keep the volume of this mixture at a minimum. The 
formation of sweet water is caused in general by turbulence, diifusion, 
liquor adhering to the outside of the particles, and liquor within the pores 
of the bone char particles. 

In order to minimize the mixing of the sugar liquor and water, the flow 
is usually reduced. The old trickling practice^ used rates of liquor flow of 
80 to 100 cu ft/hr. Modern char houses operate at flow rates which may 
average 200 to 300 cu ft/hr. The mn-off from about 40 Brix to 3 Brix or 
lower is usually collected for multiple-effect evaporation. At a predeter- 
mined point, the exit water is directed to the sewer. 

Greater attention in present practice is given to the water washing of 
a char filter. A. B. Babcock” has made a stpdy of the eEmination of mineral 
salts in cane sugar refining. He states that the point where the washing of 
bone char ceases to be economic is independent of the volume weight of 
the char and recommends that all chars be washed to the same final value 
for ash content of the wash water. Evidence is adduced to show that the 
kilning of the char appreciably increases its ash-removal property. Results 
of experiments made by Jean Salsat^* indicate that the char should be 
sweetened-off with very hot water at pH 7 to 8, the exit runnings not fall- 
ing below 165°F. If the pH drops below 7.2 during the operation, Salsat 
recommends that NaOH or Na 2 C 03 be added to the water used for further 
washing. 

Lyle®^ has described a method of conducting operations in which the 
water is directed through several char filters in series. One of the expected 
and unavoidable results of the water operation in general is the presence 
of bacterial action in the diluted sugar liquors in the char filter. The low 
density sweet waters are always maintained at a sufficiently elevated tem- 
perature to avoid such bacterial action. 

Drying of Washed Char. The moisture in the washed spent char ranges 
between 15 to 25 per cent on a wet basis. This moisture must be removed 
before the temperature can be raised to the point where the desired chemi- 
cal reactions take place^^. 

Commercial driers for bone char have been described in a recent review 
pubEcation^^. Modifications on the original Farley drier of 1871®^ may be 
arranged in the following chronological order: Eastwick, Scotch (Blake- 
Barclay), NewhaE, Deeley, Kent, and DeVries. In all of these driers the 
char descends by gravity in a curtain on the outside of an A-frame structure. 
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In the Buchanan kiln the drier is simply an extension of the vertical retort 
(about 1-foot diameter) within which is located a vent pipe for removing 
the moisture. These retorts are externally heated. 

In general, the amount of water removed in the dryer is only sufficient 
to reduce the moisture content from 15 to 25 per cent to 10 to 15 per cent. 
In older diying equipment the heat transfer is realized by an indirect 
exchange between the char and the metal walls heated by flue gases from 
the kilns. The DeVries drier, illustrated in Figure 7, improves the efficiency 
of moisture removal as well as the exchange of heat. Bemis and Reed^ 
have studied the operating characteristics of the common types of com- 



Figure 6. Liquor gallery at the Western Sugar Refinery, San Francisco, Calif. 
Each outlet valve is connected to a separate filter and the flow from each may be 
directed into any one of a number of troughs. 


mercial char driers. The over-all drying rate for several types varied widely 
from as low as 0.1 to almost 3.0 pounds water/hour for each square foot 
of char exposed 

Kiln Operations. The refineries of the United States, with one exception, 
are equipped with kilns with stationary vertical retorts. The exception is 
the Herreshoff furnace adapted by the Refined Syrups and Sugars, Inc. 
to a char kiln. Buchanan and Scotch kilns are used in Australia, Canada, 
England and South Africa. The kilns with vertical retorts may be classi- 
fied in two groups: namely, the Scotch kiln and the U. S. char kiln. The 
former is chiefly characterized by three rows of vertical retorts arranged 
on both sides of the fuel bed which extends along the length of the rows; 
the U. S. char kiln has but two rows on both sides. 

All of the Buchanan kilns have a double row of retorts on either side 
of the fire, the rows containing 6 and 5 retort assemblies, respectively. 
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Each retort (12 inches in diameter) delivers the char into a cluster of 7 
cooler pipes and the entire assembly of drier, retort, and cooler rotate 
slowly so as to present all sides to the radiant heat of the fuel. The Buclmnaii 
and Scotch kilns are equipped in general with east-lroii retorts, but a 
greater part of the industry in the United States and Canada has now been 
converted to thin-wall stainless steel retorts (Figure 8). 

The combustion chamber occupies about one-quarter the width of the 


kiln and runs through the entire length. It may be fired’ either from one 
end or from both ends. Fuel for heating char kilns includes the four avail- 
able types: coal, oil, natural gas, and coke. The temperature of the kiln 
atmosphere surrounding the retorts may vary from 9(K) to 1100°F. In 
general, the kilns with thin-tube retorts have the lowest kiln-air tempera- 
ture. The location of the thermocouples to read and control the kiln-air 
atmosphere varies considerably, the preferred location being between tbe 
rows several feet below the ceiling. 

The decarbonization of service char was once a serious problem in the 
maintenance of a char stock of high efficiency. A rotary kiln of the Wein- 
rich design® was once widely used and several are still in service. Since a 


Figure 7. Drying bone char. 
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single decarbonizing unit can handle only a small portion of the char 
being revivified, it was not possible to realize the maximum benefit of 
decarbonization for the entire char stock®. In recent times there has been 
considerable experimentation in decarbonizing char as it passes a con- 
trolled opening at the top of the cooler pipes in the United States stationary 
kilns. This method is an inexpensive way of maintaining the desired aver- 
age value for per ceiit carbonaceous matter in the char. Some of the funda- 
mental aspects of the reaction of oxygen with bone char have been recently 
reported®^' 

The cooling of char in kilns with vertical retorts is realized with either 
single- or triple-cooler pipes made of sheet iron and extending about 8 feet 
below the kiln. The cooler pipe takes the char at 1000°F and cools it to the 
point where it can be released to the atmosphere without burning the 
carbonaceous matter. 

The mechanisms employed to draw the char slowly through the retort 
and cooler combination are of five types: the Buchanan draw, the bucket 
type, the ladder type, slotted plates, and a movable plate beneath a sta- 
tionary adjustable blade^^. The average draw is of the order of magnitude 
of 40 cu ft per IdLn hour or about 0.6 cu ft per retort hour. The flow of 
char through the retorts on various rows and at various locations in a given 
row is sometimes varied in order to compensate for the lack of uniform 
heat distribution in the kiln. 

The adaptation of the Herreshofi furnace to serve as a char kiln®® repre- 
sents a mode of revivification completely independent of the conventional 
char kiln. Direct contact of the flue gases with the char is made during 
both the drying and kilning stages. The recirculation of flue gases through 
the external combustion chamber serves to limit the maximum temperature 
. of the gases in contact with the char, and the volume of these gases aids 
in the heat distribution and drying operation. This kiln has been success- 
fully used at the Refined Syrups and Sugars, Inc. 

Material Handling. Millions of pounds of sugar liquor and bone char 
move daily through the char house. The conveyors and buckets to handle 
the char are of the usual design. Common practice is to install a magnetic 
separator for the removal of tramp iron on the char belt located directly 
beneath the cooler pipes. The mechanical handling subjects the particles 
of bone char to unavoidable attrition. The fine dust is usually removed 
by means of suction fans at the top of the char elevators. The distribution 
of char at the top of the filters is usually associated with sieving devices 
to remove particle sizes below a No. 50 sieve. The screening of the various 
grades of service char is a very important adjunct to successful operations 
in the char filter. 

The use of a mechanical separator to remove char particles of different 






baffles between the retorts. 
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densities has been adopted generally in almost all char houses. This method 
was originally described by Brown and Bemis in 1934^h It consists of an 
adjustable screened deck through which air passes at a rate of 1,700 to 
3,100 cu ft/minute. The separator deck resembles a mining concentrating 
table deck in that baffles 1 inch apart run the length of the deck. The deck 
may vibrate Vl6 inch longitudinally 330 to 400 times per minute. Brown 
and Bemis state that the table operates best at a feed of 3,000 Ib/hr, with 
a discard rate of 3 per cent and dust removal of 1 per cent. 


Figure 9. An installation of char filters in a cane sugar refinery . 


Test Procedures 


The test procedures in common use are described in the ‘'Spencer-Meade 
Handbook’^’'®. The accurate determination of the carbon content is de- 
scribed in a paper by Deitz and Gleysteen^^, and that for sulfur in its 
several forms is contained in a paper by Deitz, Higginson and Parker^®. 
The control tests employed in French refineries have been reported by 
Salsat^^. G. Meade®® has described a procedure to determine the weight 
per cubic foot of refined sugar in which a simple apparatus is proposed. 
The method is applicable to other granular substances and has been pro- 
posed to determine the weight per cubic foot of bone char. A survey of the 
analytical laboratory methods for evaluating bone char and other adsor- 
bents has been made by V. R. 
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U. S. patents dealing with bone char technology are listed in Table 30 
of the Appendix. 
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28. Phosphates in Flame-Resisfanf 
Products 


Wm. H. Waggaman 

Senior Mineral Technologist^ Bureau of Mines, U. S, Dept of Interior 

Introduction 

Records of attempts to fireproof fabrics date back as far as 1638^1 The 
use of ammonium phosphate for this purpose was suggested in 1786, but 
apparently the first systematic investigation on the fireproofing of fabrics 
was undertaken by Gay-Lussac in 182R®, He compared the fire resistance 
of strips of fabric impregnated with various salts and concluded that the 
most effective were those that had a low melting point and evolved non- 
flammable gases on heating. Phosphate salts either alone or mixed with 
other compounds were found to be among the better fire retardants. 

Great progress was made in developing fire retardants during World 
War I and in the period immediately following^* but it may be said 
that no coating or impregnating solution has yet been found that will 
render organic fibrous materials fireproof in the strict sense of the word. 

As Buck® states, all cellulose fibers are combustible and the degree of 
flammability depends in a large measure on the form in which cloth is 
fabricated. There are, however, compounds that may be applied which 
lower the combustibility of woven materials and thus greatly reduce fire 
risks. Certain derivatives of phosphoric acid have outstanding fire retardant 
properties and though organic fabrics impregnated with them may char 
and burn slowly when highly heated, they are not readily ignited; when 
the source of heat is removed they cease to flame and do not exhibit the 
so-called after-glow or slow combustion, which can almost completely 
destroy the fabric. Such protective materials are more properly termed 
flame resistant. 

Whereas the problem of adequate flame resistance has not been com- 
pletely solved, innumerable lives could have been saved and the destruction 
of untold wealth prevented, had our knowledge of fire retardants been 
properly applied and reasonable precautions taken to reduce the combusti- 
bility of organic products by methods of treatment already established. 
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Legislative Restrictions 

In recent years, however, the public has been so thoroughly aroused by 
certain disasterous fires that safety authorities are demanding more ade- 
quate laws to prevent their recurrence. Legislative restrictions on the use 
of flammable materials in public places now exist in 25 states, and though 
they vary somewhat in each state, a pattern is being developed which it is 
hoped will be universally adapted. The National Board of Fire Under- 
writers^® has recommended the following ordinance which is favorably re- 
garded by most legislative bodies: 

“2 Decorative Materials 

(a) All decorative material, including curtains, acoustical materials, 
streamers, cloth, cotton batting, straw, vines, leaves, trees and 
moss, but not including floor coverings shall be rendered flame- 
proof ; provided this shall not be required of materials not exceed- 
ing one-sixteenth inch in thickness applied directly to and adher- 
ing to a non-combustible base. Such flameproofing unless certified 
by Underwriters’ Laboratories, Inc., or other laboratories of recog- 
nized standing, as being of a permanent nature, shall be tested 
by the fire department each six months and the treatment renewed 
if necessary. 

(b) The use of imitation leather (or other material) consisting of or 
coated with a pyroxylin base is prohibited. 

Flameproofing products may consist of one or more compounds. 

Generally speaking they fall into the following two broad groups: 

(1) Temporary or soluble products which may be washed out with 
soap and water. 

(2) Permanent or insoluble products which may be applied as such, 
or formed by chemical reactions upon or within the body of the 
material treated.” 

Each of these two classes of flameproofing products meet somewhat dif- 
ferent specifications: Those of the temporary type are usually applied 
to clothing and decorative textiles and though they should adhere tightly 
to the fibers they must not weaken the fabric, affect its color or so stiffen 
the cloth that its draping qualities are impaired. In the case of wearing 
apparel the flame resistant application must not irritate the skin or cause 
discomfort due to moisture absorption, air permeability and heat con- 
ductivity. 

On the other hand, so-called permanent flameproofing compounds are 
designed to withstand weathering conditions and must not deteriorate 
markedly when exposed to the leaching action of rain and subjected to 
rather abrupt changes in temperature. Flexibility of such coatings is often 
an important factor but they need not necessarily maintain the original 
softness and draping qualities of the textiles. 
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Action of FitAMEPEOOFiNO Products 

The action of flameproofing compounds has been explained in the follow- 
ing ways: 

(1) Fusion of the product before the ignition temperature of the fabric 
is attained, thus causing coatings more or less impervious to air. 

(2) Evolution on heating of non-combustible gases that tend to ex- 
tinguish flame. 

(3) Reaction between the applied flameproofing agents and the fibrous 
cellulose to form relatively nonflammable products. 

(4) Absorption of heat of flame by some chemical change. 

(5) Dissipation of heat of flame by conduction. 

Of the five suggested explanations the first three appear to have sup- 
porting evidence: 

(1) Sodium and ammonium phosphates decompose at elevated tem- 
peratures yielding water and ammonia. Neither of which support combus- 
tion. The various reactions involved on heating such salt are given below: 

2NaH2P04 Hh Heat — > Na2H2P207 + H2O 
2Na2HP04-12H20 + Heat Na4P207 + 14 H 20 
Na2H2p207 "f* Heat — > 2NaP03 -f- H3O 
NH4NaHP04 + Heat NaPOs + NH3 -f H2O 
NH4H2PO4 + Heat HPO3 + NHa -F H2O 
(NH4)2HP04 + Heat HPO3 + 2NH3 + H2O 

(2) The residual products obtained, according to the reactions given 
above, are fusible compounds that tend to form glazes thus further pro- 
tecting the surfaces of combustible materials from the flame. 

(3) Some flameproofing agents are blended with a view to reacting with 
the organic fibers and forming products that are less combustible than the 
original cellulose. Fire retardants apparently induce the decomposition of 
cellulose fibers to carbon and water, resulting in a decrease in the quantity 
of tar and flammable gases evolved^®* 

Gulledge and SeideP® have devised a technique for determining the 
proportions of char and volatile matter formed when textiles treated with 
various fire retardants are heated to their decomposition temperatures. 
The procedure employed is as follows: 

“A portion of a vertical borosilicate glass tube is heated to the indicated 
temperature by a surrounding furnace and nitrogen gas is swept through 
continuously from top to bottom. When all is in readiness, the sample is 
dropped from the cool upper portion of the tube into the hot area. No 
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oxygen is present and the nitrogen sweeps the products of pyrolysis through 
glass wool which traps the tars. Water is collected in a dessicator tube and 
carbon dioxide in a lime tower. The charred residue is weighed.^’ Table 1 
shows the results obtained by applying this test to samples of cotton 
treated with various fiameproofing agents. 

Temporary Flame-Eesistant Phosphate Products 

It was noticed long ago that old timbers which had been used in buildings 
where phosphoric acid as manufactured and which became impregnated 
with phosphate compounds could only be burned with great difficulty. 
The resistance to fire of such ordinarily readily combustible materials sug- 


Table 1. Effect of Typical Flame Retaklants on the Decomposition 
Products of Cotton 


Flame Retardant 

Temp. 

ref 

Products (%) 

Char 

Tar 

1 HsO 

COs 

(NH.)jHPO, (14%) 

550 

36 1 

22 

39 

5 

(NH4)2HP04 (14%) 

350 

45 1 

7 

47 

' 4 

Borax -boric acid (13%) 

500 

■^1 ! 

5 

40 

1 9 

Borax-boric acid (13%) 

350 

■ 57 

1 

33 

8 

Ti/Sb (10%) 

500 

, 37 ■ ' ^ 

12 

35 

6 

Ti/Sb (10%) 

350 

49 

5 

37 

7 

Control 

500 

8 ; 

54 

29 

6 

Control 

350 

12 

42 

33 

6 


gested the idea of employing solutions of phosphoric acid or soluble phos- 
phates to treat fabrics and wood in order to render them fiameproof- Since 
phosphoric acid attacks and weakens organic fibers the salts of this acid 
appeared to be the most logical compounds to use for flameproofing pur- 
poses. 

Whereas, most of these phosphate salts do not detract from the strength 
of the fabrics except when the impregnated products are heated or exposed 
to sunlight for protracted periods, they do tend to crystallize and slough 
off when the fabric dries out, thus affording only partial protection. 

In order to increase the adherence of phosphate salts, other compounds 
are frequently added which reduce or prevent the formation of crystalline 
products and add desirable physical properties to the flameproofing product. 
Boric acid, borax and sodium silicate have been used for this purpose with 
considerable success. Various other substances are often added to prevent 
or reduce rot and inhibit the growth of bacteria. 

Ferguson® patented a flameproofing solution of the following compo- 
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sition: 





parts 


Sodium silicate (Na 2 S 40 i>) 

143 


Borax (Na2B4O7-10H2O) 

10 


Microscosmic salt (NaHNH 4 p 04 ) 

10 


Monosodium phosphate (NaH 2 p 04 *H 20 ) 

4 


Water 

100 


Sodium silicate is used in this mixture because of the refractory nature 
of the glaze* which it forms; borax is employed because of its well-known 
property of fusing to glass at high temperatures. The inventor also claims 
that borax aids in distributing the fireproof film of sodium silicate. In 
addition to the fact that the phosphate salts have fireproofing properties, 
sodium ammonium phosphate gives off ammonia when heated, and it is 
claimed that this ammonia is held for a short time beneath the fireproof 
film of sodium silicate and borax, serving not only to extinguish the flame 
but also the smoldering embers. 

With the idea of overcoming the tendency of phosphate salts to crystal- 
lize and drop from the fabric, Andrews and Mathias V after a series of 
investigations, proposed the use of solutions containing monosodium phos- 
phate and borax or disodium phosphate and boric acid, so proportioned 
that the dried mixture is noncrystalline and has a pliable or colloidal 
nature which causes it to adhere to fabrics without stiffening them. These 
investigators used the phosphates of soda instead of ammonia on fabrics 
particularly, because the latter, salts tend to lose ammonia and the fire- 
proofing compound not only becomes less effective, but gradually assumes 
an acid nature which deteriorates the fiber and adversely affects the color 
of dyed materials. 

Cobbs^ patented a process for flameproofing textiles and various other 
combustible products comprising impregnating them with either monoalkyl 
or dialkyl ammonium phosphate or a mixture of such organic phosphates 
along with monoammonium phosphate in aqueous* solution. The excess 
solution is removed by wringing and the treated fabric dried. The inventor 
claims that textiles so treated are softer and more flexible than the original 
materials and that no objectionable crystalline deposits are formed. Cobbs 
describes methods of preparing the organic phosphates but does not claim 
that these form part of his invention. Apparently material thus treated 
cannot be washed without losing its flameproofing properties. 

According to Fain'^ the National Research Council Laboratories at 
Columbia University after intensive study of water-soluble flameproof 
materials, recommended the following rather simple formula to the Army 
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Quartermaster Corps for use on clothing: 


Borax 7 lbs 

Boric acid 3 lbs 

Diammonium phosphate 5 lbs 

Water 110 lbs 


The material to be flameproof ed is dipped in the above solution until 
thoroughly impregnated and then dried. The procedure may be repeated 
several times depending on the character of the fabric and the degree of 
flame-resistance desired. Quantities of the dried mixed salts ranging from 
7 to 15 per cent of the weight of the fabric have been found effective. 

Methods of Applying Watek-Soluble Flame-Resistant 
Compounds 

Since water-soluble phosphate salts can be applied to textiles in the 
form of solutions their uniform distribution on cellulose and other typ^ 
of fibers is relatively simple. 

The most effective way of impregnating textiles with such salts is by 
immersion, followed by wringing and drying. Little et alP state, however, 
that many of the more common fire retardant mixtures will hydrolize or 
decompose at elevated temperatures. They advise that caution be exercised 
in drying or ironing textiles impregnated with ammonium phosphate so 
that ammonia will not be evolved and the fabric injured because of the 
acid nature of the residual salt. 

In some cases it is desirable to apply the flameproofing agent by spray- 
ing. In this way curtains, draperies, etc., may be treated without taking 
them down. Little et alP describe this method as follows: 

^‘The fabric is hung up and thoroughly sprayed with a highly concen- 
trated retardant solution, until it appears definitely moist. Any suitable 
spraying equipment may be employed; however, in order to avoid streak- 
ing of the fabric on diying, the spray should be as fine as possible. With 
heavier fabrics it is often necessary to apply the spray to both sides of the 
cloth. The method in general suffers from a tendency to produce uneven 
distribution and requires some experience to achieve a satisfactory treat- 
ment. In treating curtains and garments in the home, a modification of 
this technique can be used by applying the retardant when sprinkling 
just before ironing. The cloth must be thoroughly moistened, however, 
and the fabric should be allowed to become nearly dry before ironing in 
order to avoid undue decomposition of the fiameproofing agent.^’ 

For a description of the method of impr^nating fabrics with soluble 
flameproofiing agents in commercial laundries the reader is referred to the 
excellent article mentioned above. 
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Permanpot Flame-Resistant Products 

It is obvious that no water-soluble salt is suitable for flameproofing 
textiles exposed to weathering influences unless it is protected by some 
impervious coating. Such a coating may combine with other added com- 
pounds to form insoluble, fire-resistant products within the body of the 
fabric, or may act directly upon the cellulose itself changing the combus- 
tible nature of the fiber so that it can be washed without losing its flame- 
resisting properties. 

These types of fire retardants are required for treating canvas and 
textiles used in the manufacture of tents, awnings and outside covers, 
subject to the leaching action of rain. Such fabrics are also often treated 
to render them water repellant and resistant to attack by insects and mold. 

Titanium and antimony compounds are used to a large extent in these 
so-called durable fire-resisting coatings^®, but both organic and inorganic 
compounds of phosphorus also play an important role in such products. 

An outstanding example of where a fabric should be both water-proof 
and fireproof is in the wings of the cheaper types of airplanes. In order to 
render such fabric impervious to air and moisture, it is customary to coat 
it with such substances as pyroxylin or acetyl cellulose, which not only 
renders the material waterproof, but causes enough shrinkage to tighten 
the fabric on the frame. These coatings, however, are highly flammable, 
which adds greatly to the hazards of aviation and hence a method of 
fireproofing or lessening their flammability is of considerable importance. 

Lindsay^® proposed the use of both an organic and inorganic phosphate 
for this purpose. The materials employed and the method of application 
may be briefly described as follows: 

The fabric is first fastened to the airplane frame and a solution of am- 
monium phosphate applied with a brush till the fibers are thoroughly 
impregnated with the salt. After drying, the following solution is applied 
to the cloth. 



parts 

Pyroxylin 

100 

Tricresyl phosphate 

50 

Acetone 

300 

Methyl alcohol 

600 

Amyl acetate 

300 


Several coats of this solution may be used if necessary to obtain the desired 
effect. 

Tricresyl phosphate is said to materially reduce the flammability of the 
pyroxylin. This type of coating, even without the addition of the ammonium 
phosphate, is therefore safer than that previously employed. 

The presence of fine crystals of ammonium phosphate in the fibers of 
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tli6 cloth, how6ver, and their distribution through the juass of pyroxylin 
increases still further the fireproof properties of the fabric. 

Since the ammonium phosphate is coated with the waterproof pyroxylin 
the inventor claims that there is no danger of the salt being washed away 
or lost on exposure to the weather. 

Since organic materials are associated with combustibility, their pcssi- 
bilities as flame-retardants were not considered for many years. Now, 
however, a number of organic phosphorus compounds such as the diphenyl 


{Courtesy of Monsanto Chemical Co,) 


Figure 1. Flame-refcardant properties of organic phosphate plasticizers can be 
compared in finished plastic compositions. 


or diethyl esters of phenyl phosphoric acid^ and tribromo and trichloro- 
methyl phosphate® have been added to the list of flameproofing products 
(Figure 1). 

As further evidence of the trend towards organic phosphate derivatives, 
McLean and Mairian^® obtained a patent on a process for the more or 
less permanent flameproofing of cellulose materials, which comprised im- 
pregnating the materials with polyetheleneimene and then treating the 
impregnated product with an aqueous solution of the reaction product 
resulting from the interaction of dipentaerythritol, orthophosphoric acid, 
and phosphorus pentoxide. It is claimed that the addition of the latter 
solution to the impregnated textile results in a flameprooflng reaction 
product which anchors itself so firmly to the cellulose fibers that the fabric 
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(after being heated to 100°C) may be washed with soap and water without 
losing its flame-retarding properties. 

In a patent issued to W. E, Gordon^^ the inventor claims a permanent 
flameproofing product for textiles and the process of producing the same. 
This process consists in impregnating a cellulose fabric with 8 to 20 per 
cent of its weight of polymeric ethylenimine, baking the material, and then 
impregnating the fabric with an amount of phosphoric acid sufficient to 
retard combustion. 

Thomas and Kosolapoff describe a method of treating textiles in which 
the cellulose fiber itself is converted into a flame-resistant product. In this 
process no inorganic salts are employed, but the textile is reacted with 
phosphoryl chloride in the presence of pyridine at a temperature of about 
70°C. The reaction product is then treated with ammonia gas resulting in 
a complex cellulose derivative containing nitrogen and phosphorus which 
not only is a flame retardant but will not leach out when the fabric is 
washed with water. 

Leatherman has taken out several public service patents^^ dealing with 
compositions of matter for rendering fabrics both rot-proof and flame- 
resistant consisting of five constituents dissolved in suitable solvents to 
permit the ready impregnation of the cloth or textile. The proportions of 
materials may be varied but one typical formula is as follows: 


Vinyl acetate— vinyl chloride copolymer 15 lbs 

n-butyl methacrylate 5 lbs 

Tricresyl phosphate 7 lbs 

Triphenyl 7 lbs 

Zinc oxide 27 lbs 

Organic solvents (acetone, etc.) 54 lbs 


It is claimed that elasticity, toughness and other desirable properties 
are imparted to the mixture by the resins and the plasticizers (tricresyl 
and triphenyl phosphates). The inventor states that when the fabric 
coated with this solution (containing suspended solids) is subjected to 
ignition temperatures, the decomposition of the products frees gases and 
vapors that act as flame retarders. It is further claimed that mixtures of 
these various materials can be successfully used in flameproofing cotton, 
mlk, wool and rayon. 

Among the more durable fire retardant products for treating textiles, 
the urea-phosphate types have proved very effective in promoting the 
desired flame and glow resistance^®. 

Whereas, urea alone has little value as a flameproofing agent and phos- 
phoric acid cannot be used because of its deleterious action on cellulose 
fibers, mixtures of these two compounds have proved quite suitable for 
impregnating textiles. 
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Essentiaiiy this process involves a reaction at elevated temperature 
between the three constituents (urea, phosphoric acid and cellu!<Be) 
whereby complex insoluble cellulose esters are obtained. In actual practice 
the fabric is immeraed in an aqueous solution containing urea and ph«- 
phoric acid (in the ratio 1:1) until thoroughly impregnated. It is then 
dried, cured at an elevated temperature (150 to to promote ester- 

ification and finally washed with water to remove any unreacted com- 
ponents. 

Fabrics containing 12.5 to 15 per cent of the urea-phosphate mixture 
exhibit excellent flame-retardant properties and are resistant to leaching 
by water. 

Ford and HalP propose a method for permanently fireproofing textiles. 
This consists in treating the textiles with a solution made up of phosphoric 
acid, urea, a volatile decomposible alkaline reagent (ammonixim hydroxide) 
and formaldehyde. The following is a typical formula of a solution said 
to be well adapted for rendering cellulose materials flameproof : 


Phosphoric acid (75% HaP 04 ) 

100 

lbs 

Urea 

200 

lbs 

Ammonium hydroxide (25%) 

15 

lbs 

Formaldehyde (37%) 

50 

lbs 

Water 

100 

lbs 


The inventors state that the formaldehyde has a strong affinity for the 
nitrogen compounds, and when the solution is applied to fabrics, fire- 
resistant organic complexes are formed in the cellulose fibers. After drying 
and curing it is claimed that the fabrics so treated may be washed or diy 
cleaned and still retain their flame-resisting qualities. 

Flammability Tests for Fabrics 

Church et aU describe in detail the various tests for evaluating flame- 
proof fabrics, but the method most commonly used for testing flame-resist- 
ance is known as the vertical-bunsen flame test. This is conducted in a 
cabinet, front and side views of which are shown in Figures 2 and 3. 

The authors describe this test as follows: 

“Three or more 2 x 12 inch specimens are cut from the sample of treated 
cloth, with the long dimension in the direction of the warp, and condi- 
tioned for 48 hours at 70®F/65 per cent relative humidity before testing. 
In mounting within the cabinet the specimen is held in a suitable clamp 
at the top and the bottom edge positioned 0.75 inch directly above the 
top of the burner, with the lower copiers held under slight tension. By use 
of a quick-acting valve and a butane-air mixture for the burner, a slightly 
luminous flame 1.5 inches high is applied to the lower edge of the suspended 
fabric specimens for exactly 12 seconds. A small pilot light, attached to the 
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burner tbrougb a swivel joint to allow it to be moved out of position while 
adjusting the specimen in place, is recommended for better defining the 
exact time and extent of ignition. With the extinguishing of the burner 


Figuee 2. Equipment for evaluating flame-proofed fabrics. Side view of cabinet 
showing connections for introducing and controlling flow of gas to bunsen burner. 


flame, observations are made with a stop watch, noting the time in seconds 
of the after flaming, and the time of afterglow once the flaming has ceased. 
The length of char produced by the combined flaming and afterglow is 
measured in 0.1 inch from the lower edge of the specimen to the uppermost 
point of the char area. ... By applying a given weight, (varied according 




PHOSPHATES IN FLAME-RESISTANT PRODUCTS 555 

to the weight of the fabric), to one of the lower corners by means of a 
hook, while supporting the other lower corner with a lifting motion, a 
tear is produced through the char area into the good portion of the fabric 


Figuke 3. Front view of cabinet showing method of attaching fabric to be tested. 


which is strong enough to support the weight . . . usually accepting a mid- 
point in any scorched area as the upper limit of char length has given 
reproducible results. 

^'The accepted criteria for effective flame resistance of a fabric measured 
by the vertical flame test method are less than 2 seconds after-flaming, 
less than 4 seconds afterglow, and a maximum char length of 2.5 to 5.5 
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inches, depending on the weight of fabric under test, with the higher char 
lengths allowable for the lighter fabrics.” 

For other tests applied to fiameproofed textiles the reader is referred to 
the excellent article mentioned above. 

Potential Market for Flameproofed Textiles 

Barnard^, after reviewing the necessary qualities of fiameproofed textiles 
from the consumer's standpoint, discussed the possible market for such 
textiles. A survey was made of the large textile mills and key men respon- 
sible for the fabrication of various types of finished textiles were asked 


Table 2. Potential Market foe Fire-Retardant Fabrics 


Type of Woven Product 

Total Annual 
Market 

Proportion on Which 
Fire Retardant Desired 

Potential Annual 
Market 

(Lbs of Cloth) 

(%) 

(Lbs of Cloth) 

Brushed napped and pile fabric 

6,900,000 

50 

3,450,000 

Lace curtains 

12,000,000 

75 

9,000,000 

Other curtains 

30,000,000 

50 

15,000,000 

Sheer goods 




Cotton 1 

36,000,000 

75 

27,000,000 

Rayon 

9,000,000 

75 

6,750,000 

Work clothing 

270,000,000 

5 

13,500,000 

Chenille bedspreads 


0 


Chenille robes 

7,700,000 

75 

5,000,000 

Bed linens 

160,000,000 

2 

3,200,000 

Upholstery 

84,000,000 

1 25 

21,000,000 

Seat cover cloth 

10,000,000 

25 

2,500,000 

Total 

625,000,000 


106,400,000 


what proportion of their market would be interested in fire-resistant 
finishes. Knowing the total quantities of cotton employed in the fabrication 
of textiles, he was able to make fairly accurate estimates of the proportion 
of the various types of manufactured goods that it was deemed desirable 
to flameproof, providing the cost was but little more than that of other 
finishes. 

These estimates are given in Table 2 in terms of total woven fabrics 
marketed annually, the percentage that it would be desirable to flame- 
proof and the actual quantity of cloth in pounds that might be so treated. 

Assuming that 10 per cent of the weight of the textile was added as a 
fire-retardant agent, and one-half of this amount was ammonium phos- 
phate, then the annual potential consumption of this salt for flameproofing 
textile would be 5,320,000 lb or 2,660 short tons. Any appreciable increase 
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in, the cost of the treated goods, however, unquestionably wou.!d result .in 
a big reduction, in the consumers' demand for flameproofed materials, 

Fibb-Resistant Wood 

Since the ratio of surface to volume in most wood used for construction 
purposes is relatively small, the chances of sudden eonfiagatioiis due to 
ignition of wood is much less than in the case of textiles. Nevertheless 
there is ample proof of the highly combustible nature of timber, and fires 
once started in wooden buildings are difficult to control 

The treatment of wood with flame retardants therefore is extremely 
important, particularly where it is likely to be highly heated or exposed to 
sparks from other sources. 

Fire retardants for timber may be divided into two broad groups: (1) 
those which merely protect the surface consisting of coatings of incombus- 
tible mineral pigments; and (2) those which are forced into the fiber and 
permeate an appreciable distance beneath the surface. 

Phosphate compounds are used to only a limited extent in fire-retardant 
products of group (1) since thin coatings of mineral pigments are often 
more effective and readily applied. 

In group (2), however, where the wood is actually impregnated with the 
flameproofing agent, the salts of phosphoric acid play a highly important 
role. 

Some of the patented products for flameproofing wood are claimed to 
have both fire retardant and insecticidal properties and thus serve a dual 
purpose. 

A. Gordon^ describes so-called improved impregnating solutions for the 
preservation and flameproofing of wood. The inventor claims that the 
various materials used react to form products which do not leach away, 
but retain their insecticidal and fire retardant properties under weathering 
conditions. Mixtures of ammonium phosphate and either zinc or copper 
sulfate dissolved in aqueous ammonia are two types of solutions used. 
According to the inventor the products resulting from the reactions are 
zinc ammonium phosphate (ZnNH 4 P 04 ) and copper ammonium phosphate 
(CUNH4PO4) respectively. Both of these are insoluble compounds yet 
possess fireproofing properties and are toxic to organisms that normally 
attack wood. The composition of a mixture that is said to embody these 
two desirable characteristics is as follows: 

(%) 


I Basic copper carboBate (CuCO — Cu(OH)2) 10 

Basic zinc carbonate {Z11CO3 — Zn(OH)2} 10 

Copper ammonium phosphate (GUNH4PO4) 30 

Zinc ammonium-phosphate (ZnNH 4 P 04 ) 30 

f. Zinc borate (ZnB 407 ) 10 

I Copper borate (CUB 4 O 7 ) 10 
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These various compounds in the proportions given above are dissolved 
in aqueous ammonia and as the ammonia evaporates, insoluble products 
are precipitated on the surface, as well as in the pores of the wood. 

In general the chemicals used for impregnating wood are water-soluble 
compounds and their solutions are forced into the fibrous structure by a 
process similar to that used in creosoting timber. This is the only way that 
fairly adequate flameproofing can be attained. Tests indicate that maxi- 
mum protection is afforded when wood is impregnated with a solution 
containing from 12 to 15 per cent of the salt (usually NH4H2PO4). The 
procedure may be briefly described as follows : 

The planks or beams (separated by slats) are placed in a steel cylinder 
(which is then closed), and treated with steam under a pressure of about 
25 psi for an hour or more. Any condensed steam is drained off and vacuum 
is then applied which serves to draw off any moisture as well as air from 
the pores of the wood permitting the entrance of the fire retardant. The 
vacuum treatment, however, should not be prolonged as it is desirable to 
maintain an elevated temperature when the wood is impregnated. 

After evacuation the cylinder is completely filled with the impregnating 
solution which is forced into the pores of the wood by applying an air 
pressure of 100 to 200 psi depending on the density of the wood being 
treated. 

Flameproof ed timber impregnated with soluble salts is usually kiln dried 
and the product should be stored under cover to protect it from the leach- 
ing action of rain water. It is advantageous to use a wood preservative as 
well as, a flameproofing agent. Zinc chloride in low concentrations is an 
effective wood preservative. 

Although great progress has been made in the flameproofing of textiles, 
wood and other organic products, further research is highly desirable. 
A list of U. S, patents dealing with flameproofing processes and products 
is given in Table 32 of the Appendix. 
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29. Miscellaneous Industrial Uses 
of Phosphoric Acid and Its 
. Derivatives 

Wm. H. Waggaman 

Senior Mineral Technologist, Bureau of Mines, U. S. Dept, of Interior 

The increase in the consumption of phosphate rock during the past 
twenty years is due not only to the greater demand to meet needs already 
established, but to the development of new uses for certain manufactured 
phosphate products^®. Some of these products and their applications which 
are discussed in this chapter no doubt will assume far greater importance 
within the next decade as we recognize more fully how their physical and 
chemical properties can be advantageously utilized in our industrial 
economy. 

Phosphates in Fermentation Processes and Yeast 
Culture Media 

The processes of fermentation and putrefaction are chemical phenomena 
which were recognized from earliest times, but their causes remained un- 
known or unproven until the middle and latter part of the nineteenth 
century^' n, is, 47, 49, ei classical work of Pasteur®^ which defi- 

nitely established the origin and functions of yeast and convinced the 
scientific world that fermentation changes were due to specific organisms 
which produced them in the exercise of their vital functions. 

Yeasts are found in nature wherever sugar is present. They occur in 
various foodstuffs, particularly on the surface of fruit. There are a great 
many varieties of yeast. Guilliermond and Tanner^^ recognized 18 species. 

The genus however, includes most of those having in- 

dustrial importances^ 

Just as in the case of animals and the higher types of plant life, phos- 
phorus in the form of orthophosphate plays an essential role in the growth 
and propagation of yeast and hence is an important constituent of yeast 
culture media. 

While yeast consists chiefly of carbon, hydrogen, oxygen and nitrogen, 
its mineral content is quite appreciable and the proportions of the various 
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inorganic ingredients (including phosphates) in a culture medium best 
suited for the propagation of yeast are the same as those present in the 
yeast by analysis. In the following analysis (Table 1), reported by Mit- 
scherlich®®, it will beseen that P 2 O 6 is the predominating mineral constituent 
of the ash of the yeast plant. Potash, magnesia and sulfur, however, are 
also indispensable to the life of yeasts. 

As far back as 1860 Pasteur produced a crop of yeast in a liquid medium 
containing only comparatively simple substances of known composition, 
such as sugar, ammonium tartrate and a mineral phosphate. 

Wroblewski®^ observed that the presence of sodium phosphate increased 
the fermentation of yeast juice, and Buchner, who also noted the same 
phenomenon, attributed it to the alkalinity of this phosphate compound. 

It is now generally recognized that for rapid decomposition of sugar 
solutions by fermentation, the presence of a phosphate is highly important 


Table 1. Analysis op the Ash op Yeast (Per Cent) 


Ingredient 



Upper Fermentation Yeast 

Lower Fermentation Yeast 

Potash (K 2 O) 

38.8 

28.3 

Lime (CaO) 

1.0 

4.3 

Magnesia (MgO) 

6.0 

8.1 

Phosphoric acid (P 2 O 6 ) 

53.9 

59.4 

Silica (Si 02 ) 

trace 



if not essential. This phosphate is not only in the yeast juice but is a con- 
stituent part of the cell, as shown in Table 1. 

Harden®^ states that phosphorus takes a very actiye part in fermenta- 
tion and goes through a remarkable cycle of changes. The decomposition 
of the sugar is accompanied by the f ormation of a complex hexosephosphate 
from which the phosphate is split off and again rendered available by means 
of a special enzyme termed hexophosphatase. 

Action of Phosphates in Fermenting Mixtures 

When a suitable quantity of a soluble phosphate is added to a ferment- 
ing solution of a sugar and yeast juice the rate of fermentation rapidly 
increases. The speed of the reaction is sometimes as much as 20 times that 
at which it normally proceeds. This increase in the rate of fermentation 
continues for a while and then gradually falls to a point approximately 
equal to the original rate. 

Harden and Young®^, after careful experimentation, found that during 
this period of enhanced fermentation the amount of carbon dioxide and 
alcohol produced exceed that formed in the absence of phosphate by a 


562 


PHOSPHORIC ACID AND ITS DERIVATIVES 


quantity exactly equivalent to the phosphate added in the ratio of CO 2 
or C2H60H:Na2HP04. It is not within the scope of the present work to 
give in detail the manner in which these experiments were conducted, but 
the results obtained indicated that definite chemical reactions occur in 
which both sugar and phosphate are concerned. This conclusion was con- 
firmed by other experiments in which the solutions used were boiled and 
filtered (after the rate of fermentation had subsided) and it was found 
that nearly all of the phosphate was in organic combination. 

Harden®^ expresses the reaction between glucose and a dibasic phosphate 
salt as follows: 

2 C 6 H 12 O 6 + 2Na2HP04 2 CO 2 4- 2 C 2 H 6 OH + 2 H 2 O + C6Hio04(Na2P04)2 (1) 

According to the above equation one molecule of sugar is converted 
into carbon dioxide and alcohol while the other molecule is converted 
into a hexosephosphate and water. 

When alcoholic fermentation ceases, however, there is a marked and 
rapid increase in the quantity of free or mineral phosphate, since the hexose- 
phosphate imdergoes hydrolysis : 

C6Hio04(Na2P04)2 + 2H2O C6H12O6 -f” 2Na2HP04 (2) 

In other words, reversion takes place and glucose and water are again 
produced. Since the quantity of glucose (or other sugar) thus formed is 
equivalent only to the mineral phosphate in the solution the reaction can- 
not again proceed according to equation (1) until further quantities of 
sugar are added. 

If an excess of sugar is present the decomposition of the hexosephos- 
phate (as alcoholic fermentation slackens) gives free mineral phosphate 
to react with further quantities of glucose but the reaction then proceeds 
at only a slow or normal rate. 

Harden and Young^® found that by renewing the supply of mineral phos- 
phate (in sugar solutions) as fast as it was converted into hexosephosphate, 
a high rate of fermentation could be maintained for a considerable period 
of time. 

With few exceptions, all of the yeasts isolated up to the present grow 
well in artificial media containing inorganic phosphate salts. In Table 2, 
compiled from data presented by Guilliermond and Tanner^®, some of the 
common culture media recommended by various authorities are given. 

In Table 2 potassium phosphate is the chief carrier of phosphoric acid 
specified, but disodium phosphate and mono- and dicalcium phosphates 
are also used. In recent years ammonium phosphate has grown in favor 
as an ingredient of yeast culture media. This compound furnishes both 
the FaOii and nitrogen required in the growth and propagation of the yeast 
cells. Harris et al.% in a study of the production of yeast from wood-sugar 
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solutions, found that such solutions contained very few of the require- 
ments for yeast production except the sugar. By adding nitrogen, potash 
and phosphate salts, however, excellent yields of food yeast were obtained. 
The optimum nutrient requirements for yeast growth per ICX) lbs of sugar 
in such solutions were 3.4 lbs of nitrogen in the form of urea, 0.65 lbs of 
K 2 O as potassium chloride and 1,6 lbs of P 2 O 5 in the form of diammonium 
phosphate. 

A number of patents have been issued in which ammonium phosphate 

Table 2. Common Yeast Cultube Media Containing Inokganic Salts of 
Ortho PHOSPHOEic Acid 


Quantities of Ingredients (G) 


Authority 

Pep- 

tone 

Maltose 

Sugar 

Aspar- 

agin 

Mag- 

nesium 

sulfate 

Ammo- 

nium 

sulfate 

Potas- 

sium 

phos- 

phate 

Calcium 

phos- 

phate 

Dis- 

tilled 

water 

Hansen medium No. 

Hansen ^s medium No. 

1 

5 



0.2 


0.3 


100 

1 

5 



0.5 

i' / ' 

0.3 


100 

2 

Mayer^s culture me- 



15.0 


5.0 

0.75 

5,0 

0.5 

1000 

dium 





, 





Laureates medium 

'1 


any 

sugar 

1 

0.1 

4.71 

0.75 

i 

1000 

Haydruck^s medium 

j 


100 

2.5 -! 

17.0 




2000 

Colin’s solution 





1.0 

2,0’> 

2.0« 

0.1 

200 


» Potassium acid phosphate (KH2PO4). 

^ Ammonium tartrate instead of ammonium sulfate. 
® Dicalcium phosphate (CaHPOi). 


is mentioned as the chief carrier of nitrogen and phosphoric acid in yeast 
culture processes^®. 

No figures are available showing the consumption of phosphate salts 
in yeast culture. However, the yeast requirements of bakers, brewers and 
the manufacturers of alcoholic beverages and industrial alcohol are enor- 
mous, and the annual consumption of phosphate salts by such industries 
runs into substantial tonnages. 

The Use of Phosphobic Acid m Bevebages 

With few exceptions, all manufactured beverages or soft drinks contain 
a small percentage of acid as one of their constituents. Without the addition 
of an acid, most beverages, particularly those made up with natural or 
artificial fruit flavors, lack that quality of sharpness which the consumer 
finds so palatable. 
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The acids which have been suggested, or are actually being used to 
impart the desired acidity of sourness to soft drinks, fall into two general 
classes. 

(1) Organic acids such as acetic, citric, tartaric and lactic, all of which 
are present or formed in food products. 

(2) Inorganic or mineral acids such as sulfuric, hydrochloric and phos- 
phoric, all of which are produced on a large scale from inorganic materials. 

The term acidity in a chemical sense ordinarily means the neutralizing 
strength of an acid in terms of a standard alkali solution or the quantity 
of acid hydrogen present. This, however, is not a true measure of the 
strength of an acid since the activity of the acid hydrogen varies in dif- 
ferent types of acid. 

Even though acids have the same concentration, they have a different 
acid intensity. The most accurate and generally recognized method of 
measuring the intensity of an acid solution is by the determination of its 
hydrogen ion concentration (pH) numerically expressed and recorded 
either by chemical indicators or electrical instruments. The pH of an acid 
however may be altered by materials which have a tendency to disguise 
or buffer its intensity. Such substances as sugar, flavors, dissolved salts 
and other normal ingredients of beverages have such an effect. Soft drinks 
usually have a pH value ranging between 2 and 4. 

Hale and Medbery^ give the pH values of solutions containing the same 
amount (by weight) of several of the acids used in soft drinks (Table 3). 

From a study of the figures in Table 3, it is obvious that phosphoric 
acid per unit of weight has a higher acidity than any of the organic acids 
listed. Acidity, as understood by the manufacturer and bottler of soft 
drinks, is the degree of sourness (determined by taste) imparted to a bever- 
age by equivalent quantities of acid hydrogen furnished in the form of the 
acids enumerated above. He is interested particularly in obtaining this 
desired acidity in the cheapest possible form, provided the acid is pure, 
digestible and does not detract in any way from the wholesomeness of 
his product. 

In Table 4, originally prepared by Skinner and Sale’^, but modified to 
conform to present quoted prices, the relative costs of so-called sourness 
in the form of various organic and inorganic acids used in the manufacture 
of soft drinks are given. 

In column 1 are given the types of acid and the strength of the com- 
mercial articles offered on the market. In column 2 are given the pounds 
of these commercial grades used in 100 gallons of a 1/100 normal acid 
solution, which is approximately the acidity of the average modern soft 
drink, ^n column 3 the relative sourness of such dilute standard acid solu- 
tions IS given— this degree of sourness being determined by taste. In column 
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4 are given the weights in pounds of the various acids (commercial grades) 
which must be added to 100 gallons of water or solution to give equal 
sourness to a beverage. Finally, in the last 2 columns the cc^t of this acidity 
or sourness (at current prices) per 100 gallons and per | pint bottle is given. 


Table 3. Solutions Containing 70 Gbains bee Gallon (0.1^% 
Acidity) Calculated as Citeic Acid 


Acid 

pH 

Hektive Acidity of Solutions^ 

Citric acid in water 

3.20 

100 

Lactic acid in water 

3.05 

150 

Tartaric acid in water 

2.75 

- 460 

Phosphoric acid in water 

2.68 

520 


1 Considering citric acid as unity. 


Table 4. Relative Cost op Souhness in the Fokm op Vakious Acids 


j 

Name and Commercial 
Grade of Acid 

Lb of Acid 
per 100 Gals 
of N/lOO 
Solution^ 

Rektive 
Sourness 
of N/IOO 
Solution 

Lb of Acid pet 
100 Gals of 
Solution of 
Equal Sourness* 

Current 
Prices 
of Acid 
per Lb 
(cents) 

Cost of 
Sourness 
per 100 Gals 
of Beverage* 
(cents) 

Cost of 
Sourness 
per i Pint 
of Beverage 
(cents) 

Acetic acid (56%) 

0.894 

70 

1.276 

7.0 

8.93 

0.0054 

Lactic acid (40%) 

1.878 

100 

1.878 

10.0 

18.78 

0.0108 

Citric acid (91%) 

0.587 

100 

1.587 

27.0 

42.85 

0.0259 

Tartaric acid 

0.629 

100 

0.629 

18.0 

11.32 

0.0069 

(99.5%) 

Phosphoric acid 

0.818 

120 

0.681 

4.0 

2.72 

0.0017 

(50%)_ 

Sulphuric acid 

0.430 

200 

0.215 

7.0 

1.51 

0.0009 

(95%) 

Hydrochloric acid 

0.823 

200 

0.411 

8.0 

3.29 

0,0020 

(37%) 








^ Bottled soda of the. ginger ale type has an acidity and sourness approximately 
equal to N/lOO solution of citric tartaric or lactic acid. The solutions compared in 
this column are of equal acidity but not of equal sourness. 

* The degree of sourness of these solutions is approximately the same as the 
sourness of bottled soda of the acid type (N/lOO solution of citric acid). 

* According to quotations in OiZ, Paint and Drug Reporter y Dec. 26, 1949. 

It will be noted that acid solutions of equal normality (having the same 
acid hydrogen content) differ very materially’ in sourness; the inorganic 
acids have a much more pronoimced acid taste. The cheapest sources of 
this sourness were found to be sulfuric and phosphoric acids with hydro- 
chloric, acetic, tartaric, lactic and citric acid, following in the order named. 
The cost of this same degree of acidity in the form of the other organic acids 
is from four to eight times greater than in the form of phosphoric acid. 
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The use of the organic acids enumerated above is approved by the U. S 
Department of Agriculture, since they are naturally present or formed in 
food products to which the human digestive tract is accustomed. There- 
fore, according to Skinner and Sale^^ the presence of these acids in bever- 
ages ‘Is quite proper and advisable.” 

However, of the three inorganic acids mentioned, only phosphoric acid 
is generally accepted as a wholesome ingredient of soft drinks. The use of 
sulfuric and hydrochloric acids in food products, according to the author- 
ities cited above, “is questionable to say the least, being considered very 
undesirable by many.” 

Phosphoric acid has been employed in the preparation of so-called phos- 
phate beverages such as orange, lemon and cherry phosphates. In recent 
years, however, this acid has been used chiefly as the acid constituent of 
beverages of the cola type. 

The increased use of phosphoric acid is due not only to its relatively 
low cost but to the fact that salts or phosphoric acid have certain recognized 
medicinal value. Moreover, compounds of phosphorus play an important 
role in the human diet (see Chapter 2), and it is argued that acidity fur- 
nished in the form of orthophosphoric acid is certainly not deleterious and 
probably beneficial to health. No accurate figures are available showing 
the quantity of phosphoric acid consumed in beverages, but it is unquestion- 
ably very appreciable. 

According to figures furnished by the American Bottlers of Carbonated 
Beverages the total quantity of acid of all types used in 1948 amounted 
to approximately eight million lbs, or 4,000 tons. About 61.6 per cent of 
these beverages are of the cola type, and if we assume that only 30 per 
cent of the total acid used was phosphoric we have an annual consumption 
of 1,200 tons. 

Small percentages of phosphoric acid were formerly used to impart acid 
flavor and tartness to jams and jellies. This use, however, has been dis- 
continued. 

Needless to say, however, acid used for food purposes and in carbonated 
beverages must be free from such deleterious substances as arsenic fluorine 
and the salts of copper lead, etc. The phosphoric acid produced through 
the medium of the electric furnace is largely used for food-grade products. 

Phosphokic Acid as a Catalyst and Oil Refining Agent 

. In addition to their main function of supplying gasoline and other fuels, 
petroleum and petroleum gases are sources of a multiplicity of organic 
chemical products that have wide industrial applications. 

The breaking down and building up of these hydrocarbon products into 
other compounds are effected by heat, pressure, chemical treatment, and 
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by the aid of certain catalysts among which phosphoric acid appears to be 
playing an increasingly important role. 

In 1936 Malishev^^ found that phosphorus pentoxide (F 2 O 6 ) exercised 
a refining action on vapor phase cracked petroleum distillates and yielded 
products having a pronounced increase in octane number. Later {1938) 
Ipatieff and Corson^® showed that when a stabilized untreated cracked 
naphtha was contacted in the vapor phase with a so-called solid phosphoric 
acid catalyst (prepared from a mixture of concentrated H3PO4 and dia- 
tomaceous earth), the combined effect of the catalyst and distillation 
improved the color and quality of the product. Compared to a clay used 
under similar conditions the phosphoric acid catalyst was over ten times 
more efficient. 

Processes whereby the nature and composition of hydrocarbons are 
altered through the medium of a phosphoric acid catalyst may be grouped 
under three broad headings: (1) dehydrogenation; (2) polymerization; and 
(3) alkylation. 

Dehydrogenation, as the term implies, is the removal of hydrogen from 
hydrocarbon molecules. Fprmerly dehydrogenation was brought about 
mainly by the decomposition or cracking of petroleum products at very 
highly elevated temperatures and pressures^* With the development of 
catalysts, however, it was fomid that the desired results could be accom- 
plished more efficiently and at lower temperatures. A characteristic de- 
hydrogenation reaction is the production of ethylene from ethane as shown 
below: 

C2H6 C2H4 + H2 

Polymerization is directly opposed to the cracking of petroleum products 
since its purpose is to build up rather than to break down the hydrocarbon 
compounds. Heavier molecules are thus produced and gases converted into 
liquids and liquids into solids. By the use of phosphoric acid catalysts 
both the temperatures and pressure ordinarily required for such reactions 
can be materially reduced. The following is a characteristic example of 
polymerization: 

H H H H H H H H H H H H 

C:G + H-C-C-C:C C:G^C*C-C*C*H ^^ ^ 

H H H H H H i H H H 

Alkylation is the reaction of dissimilar hydrocarbons, including some 
olefin, to form a heavier saturated hydrocarbon. Alkylation reactions are 
favored by high pressures, but can be carried out at reasonably low tem- 
peratures in the presence of a catalyst. This process is employed in the 
manufacture of high-octane motor fuel. A characteristic alkylation re- 
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action is the conversion of a mixture of propene and benzene into cumene 
(a high octane blending stock) according to the following equation: 

CeH* + CsH* 

Phosphoric acid absorbed on kieselguhr is an excellent catalyst for this 
purpose and its life is very satisfactory^^. 

Whereas, orthophosphoric acid is a highly reactive polymerization 
catalyst, it tends to lose water when heated above 450°F, forming relatively 
inactive metaphosphoric acid: 

H3PO4 + heat HPO« + H2O 

In order to prevent or suppress the dehydration of the phosphoric acid 
molecule at high temperatures, 2 to 10 per cent of water is introduced as 
steam into the olefin-feed stock. However, excessive amounts of water 
may cause the formation of alcohols, increase corrosion and disintegrate 
the granular catalyst. 

The so-called solid phosphoric acid catalysts consist of concentrated 
phosphoric acid absorbed in a porous inactive granular body such as kiesel- 
guhr, alumina, magnesia or a mixture of materials that have been calcined 
at 180 to 250*^0^* ^7. 

In the production of poly gasoline the equipment required consists es- 
sentially of a heater and two or more catalyst chambers, either of the heat- 
exchanger type with the catalyst packed inside of tubes, or a plain 
chamber provided with several spiders for introducing inert gas®. The 
temperature of the heater outlet ranges from 300 to 400°F and the maxi- 
mum reactor temperature is not over 450®F. 

A pressure of about 500 psi is advantageous since it reduces the volume 
of the gases handled, increases the rate of reaction and facilitates con- 
densation of the products. 

According to Nelson®®, as much as 160 gallons of polymer gasoline 
have been produced per pound of catalyst in recent reactor-type plants 
operating under a pressure of 900 psig. 

At such high efficiency, the catalyst may be discarded after it is spent, 
but when lower pressures are employed (150 to 200 psig) the yields are 
much less and hence it pays to regenerate the catalyst. This is done by 
passing air (at 650®F) over or through the spent catalyst at such a rate 
that the temperature of the body does not exceed 950°F. The metaphos- 
phoric acid thus formed is then reconverted into orthophosphoric acid by 
passing steam into the chamber and maintaining it at a temperature of 
about 500'^F for a period of 10 to 15 hours. 

Nelson®® states that the presence of as little as 0.002 mole per cent of 
oxygen in the gaseous feed reacts to form vamish-like products, which 
greatly reduce the life of a phosphoric acid catalyst. He also says that 
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small amounts of ammonia adversely affect the efficiency of such a cata- 
lyst. In addition, sulfur is highly injurious to phosphoric acid catalysts 
since it forms undersirable mercaptans. Feeds for catalytic processes should 
contain less than 10 grains of hydrogen sulfide per 100 cubic feet. 

When operating at temperatures above SOO'^F, water must be added 
continously to the gaseous feed; at temperatures below 300®F water must 
be eliminated. 

The copper pyrophosphate (CUP 2 O 7 ) catalytic process as described by 
Van Winkle®^ is somewhat similar to the phosphoric acid catalytic method. 
The patent literature describes a number of bodies containing the acid 
phosphates of alkali earth metals and complex compounds of boron halide 
and phosphoric acid. 

No recent figures are available showing the consumption of phosphoric 
acid and its compounds as catalytic and refining agents, but it was re- 
ported that the petroleum refineries consumed the following quantities 
in 194F«: 


abs) 

Phosphoric acid 1,300,000 

Sodium phosphates 2,225,000 

Tricresyl phosphate 696,200 

Potassium phosphate 101,000 

Sodium metaphosphate 644,000 


The demand has increased substantially during the past 10 years and 
it appears safe to assume that the annual consumption of phosphates in 
the United States (in terms of phosphoric acid), for processing and re- 
fining petroleum products is in excess of 3,000 tons. 

Phosphates in Drilling Fluids 

During the past 30 years the use of drilling muds or fluids has been a 
major factor in the development of deep-seated deposits of oil and gas. 
Certain phosphate compounds perform essential functions in these fluid 
suspensions and large quantities are used annually for this purpose. 

According to Stem^® the deepest well in the world 30 years ago was only 
about 6,000 feet, and in 1930 a 10,000 foot well was considered the ulti- 
mate goal. Since the general adoption of drilling mud techniques wells 
10,000 feet deep are not uncommon, and depths over 20,000 feet have been 
attained. 

Few industrial mineral products have to meet as many specifications or 
perform as many functions as a drilling mud. The selection of the raw 
materials required and their proper blending have been problems on which 
much time and study have been spent^' The basic principle in 

the use of drilling muds is to pump (under pressure) down to the base of 
the drill hole an aqueous suspension of clay, heavy minerals and modifying 
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chemicals, of suitable density, viscosity and well developed colloidal prop- 
erties; and to circulate this fluid continually after the drill cuttings have 
been screened or settled out. 

The following are some of the functions that drilling mud must perform: 

(1) Act as a lubricant and cooling medium for the drill stem and bit, 
(bottom hole temp, normal gradient — 1°F for each 60 ft of depth), 
protecting them against abrasion and corrosion, 

(2) Remove the drill cuttings in suspension as fast as they are produced. 

(3) Consolidate the loose formations often met in drilling operations 
and form an impervious layer or cake on the walls of the drill hole 
thus checking cave-ins and intrusions of water and brine. 

(4) Provide adequate hydrostatic pressure by virtue of adding finely 
ground heavy minerals thus increasing its density, thereby prevent- 
ing the blowing out of oil or gas before drilling operations are 
completed. 

(5) Form a gel when allowed to stand and thus hold the drill cuttings 
in suspension if drilling operations are temporarily suspended. 

(6) Release the drill cuttings on agitation so they may be separated 
by screening or settling and permit the recirculation of the fluid. 

Van Dyke^ says that the ingredients of drilling fluid should be con- 
sidered tools which have taken much of the guess work out of the use of 
drilling muds. Some of the more important materials suspended and dis- 
solved in water to form drilling muds and the properties they impart to 
this product are given in Table 5. 

Although certain phosphate chemicals have other direct and indirect 
effects, their main function is to reduce the viscosity of drilling muds with- 
out lowering their density, thus making it feasible to circulate these heavy 
aqueous suspensions which otherwise could not be readily handled. A 
secondary, but important effect of reduced viscosity, is the release of high 
pressure gas that becomes entrapped in the drilling mud. . 

The salts of orthophosphoric acid do not lower the viscosity of drilling 
mud since they act as flocculating agents, but pyro-, meta-, and tetraphos- 
phates, which are formed by dehydrating the normal orthophosphates, 
have the property of deflocculating and dispersing colloidal suspensions of 
clay, thereby rendering them more fluid and easily pumped. 

In aqueous solutions, these complex dehydrated phosphates eventually 
take up water into their molecular structure and are again converted into 
orthophosphates. However this change takes place rather slowly and in 
the meantime they serve as highly efficient deflocculent’s. 

Partridge et al.^^ studied these complex phosphates, but only in the last 
10 to 12 years have their valuable properties been fully recognized and 
extensively utilized in the preparation of drilling fluids. 
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Sodium tetraphosphate 
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The methods of manufacturing the more important of these phosphate 
compounds are described in Chapter 24. 

The two main shortcomings of sodium pyro-, meta- and tetraphosphates 
are: (1) their gradual conversion into orthophosphates resulting in loss of 
deflocculating properties; (2) their inability to offset the flocculating prop- 
erties of salt water or brine which is often encountered in oil drilling opera- 
tions in Louisiana and the Gulf states. 

The type and quantity of chemicals employed will vary according to 
conditions. Bonnet® found that about 0.5 lb of either sodium pyrophosphate 
or sodium tetraphosphate per barrel (42 gals) of a heavy drilling mud 
brought about the optimum reduction in viscosity. Whereas, further ad- 
ditions of pyrophosphate appeared to increase their viscosity, an increase 
in the amount of the sodium tetraphosphate had little effect in either in- 
creasing or decreasing viscosity. Bowman^® states that from his study of 
certain oil wells in California the amount of sodium pyrophosphate re- 
quired averaged approximately 1 lb for each foot in depth. For a 10,000 
foot well this would mean a consumption of 5 tons. 

Since the activity of the oil industry, the character of the formations 
encountered and the depth of the wells drilled have a profound effect on 
the demand for phosphates in drilling fluids, there are no accurate figures 
available. 

For a full discussion of drilling muds and the various materials used in 
making up products to meet specific problems, the reader is referred to the 
excellent report of Stern^® on this subject. 

Phosphates in Processing of Textiles 

Phosphates play an important role in the processing of textiles whether 
spun from animal, vegetable, synthetic fibers or mixtures of the three. 
The salts of phosphoric acid most extensively used for this purpose are 
trisodium and disodium phosphates and sodium hexametaphosphate. 

Removal of Grease and Oil from Cotton and Wool 

Trisodium phosphate is used in the preparation of cotton and woolen 
goods for bleaching and dyeing. In cotton goods this salt serves to emulsify 
the natural wax of raw cotton, increases the detergent action of the so- 
called boiling-off liquor, dissolves impurities without impairing the strength 
of the fibers and shortens the boiling time. The addition of 1 to 1| per cent 
of trisodium phosphate to the caustic kier boil also acts as a buffer against 
the powerful action of sodium hydroxide, and results in cleaner, softer 
goods that are better prepared for the subsequent bleaching and dyeing 
steps. After the cotton goods have been boiled, they are rinsed free of 
caustic soda. It has been found advantageous to add a little trisodium 
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phosphate to the rinse water in order to remove the last traces of saponified 
oils, fats and waxes from the fibers. 

Because of the nature of wool fibers and their tendency to shrink, woolen 
textiles require very careful treatment. Trisodium phosphate, however, 
may be used to advantage in preparing wool for dyeing and in the fulling 
and finishing steps. Before being dyed, woolen goods must be scoured free 
from dirt and natural grease. A soap solution at a temperature of not more 
than 100°F is used. By adding a small per cent of trisodium phosphate the 
detergent effect of such a scouring solution is considerably enhanced with- 
out greatly increasing its causticity. According to White®^ this treatment 
does not injure the wool fiber but renders it softer and fluffier than any 
other preliminary processing method. Unless soft water is used in washing 
textiles, insoluble calcium soaps are apt to be deposited in the goods and 
cause trouble in the subsequent bleaching and dyeing steps. Trotman®® 
states that where soft water is not available the addition of sodium hexa- 
metaphosphate to a scouring bath will correct the deleterious effect of 
water of moderate hardness. The reaction involved is represented as follows: 

Na 4 Na 2 (P 03)6 + Ca++ Na 4 Ca(P 03)6 + 2Na++ 

It is said that the addition of sodium hexametaphosphate not only pre- 
vents precipitation of calcium soaps but removes any present in the fabric 
being treated. The pH of the solution should be approximately 8.3. 

Dyeing 

Disodium phosphate is used as an aid to the dye bath when treating 
mixtures of fibers (animal, vegetable and synthetic). The function of this 
salt as a very mild alkali is to retard the absorption of dyestuffs by the 
animal fibers (silk and wool) and increase the affinity of cotton and rayon 
for the dye. 

The usual procedure is to first add the dyestuff to the solution, followed 
by an amount of disodium phosphate equal to f to 1 per cent of the 
weight of the goods to be dyed. The goods are then immersed in the bath 
and the solution boiled for about 20 minutes. Increasing the amount of 
disodium phosphate decreases the absorption of dye by the animal fibers. 
Close control over the pH of the solution is important, if not essential, to 
obtain even dyeing of mixed fibers. This can be readily effected by careful 
addition of this phosphate salt. 

Treatment of Silk 

Since silk is the most expensive of all natural fibers, great care must be 
exercised in its preparation for the market. Phosphates play an important 
role in the manufacture of silk fabrics. Eaw silk consists essentially of a 
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gum-like material known as sericin, a true silk fiber or fibroin and minor 
quantities of salts. Its approximate composition is as follows: 

(%) 

Silk gum or sericin 22.0 to 26.0 

Fabroin or true silk 62.5 to 67.0 

Water 10.0 to 11.0 

Salts, etc. 1.0 to 1.5 

Degumming. The cocoons are first immersed in warm water to soften 
the gum and loosen the fiber so it may be reeled off in a single thread. The 
next step is called discharging, stripping, or boiling-off and is really a 
scouring process designed to remove the sericin or silk glue which causes 
the fiber to feel coarse or stiff. In the boiling-off process soft or softened 
water is essential to prevent subsequent trouble in bleaching and dyeing. 
A warm soap solution containing about 25 per cent of soap to the weight 
of the silk is used. White^® claims that a small amount of trisodium phos- 
phate added to the soap solution is preferable to the stronger alkalies since 
it is more readily washed out and prevents the fiber from becoming harsh. 

The raw silk is suspended in a tank of this solution and the temperature 
gradually increased from 105 to 205°F. Actual boiling should be avoided. 
After soaking for one-half hour in the first tank, the silk is removed and 
immersed successively in a second and third batch of a similar solution 
for the same time and under the same conditions. Finally the boiled-off 
fiber is washed in hot water containing a little trisodium phosphate to 
remove the last traces of gum and oil. In this scouring process the silk loses 
from 20 to 30 per cent in weight, but the product is soft and lustrous and 
in an excellent condition for the next step in its treatment. The soap solu- 
tion which becomes heavily charged with the gum-like material (originally 
a part of the silk fiber) is subsequently utilized in the dyeing process. 

Weighting of Silk. After being scoured and washed free of soap, the silk 
is ready for weighting, which adds to the fiber a quantity of material some- 
times more than equal to that lost by the scouring process. Disodium phos- 
phate plays a highly important role in the weighting of silk. 

In this process the silk is .steeped for 1 hour in a bath of tin tetrachloride, 
then washed thoroughly and worked for an hour in a bath of disodium 
phosphate (10°B6 at 150°F), to which a small amount of ammonia is added 
to neutralize any acidity of the tin-soaked silk. This process was designed 
not only to restore the weight of the silk fiber lost in the degumming step, 
but to actually add from 20 to 50 per cent to this original weight. The 
affinity of silk for tin is such that it will readily take up from 8 to 10 per cent 
of its weight of this oxide and in some types of goods the weight of the silk 
is more than doubled. Whereas excessive weighting causes more rapid 
deterioration of the silk fiberi^, proper tin weighting has a beneficial effect 
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on both the luster and handling of the silk and if used in connection with 
phosphates does little harm to the strength, elasticity, and durability of 
the finished goods. 

The discovery of the value of disodium phosphate in the weighting proc- 
ess was a great advance in the art of silk manufacture. Before the advent of 
phosphates the goods, after being treated with a salt of tin, were immersed 
in or washed with ammonia water, sodium carbonate, or some other alkali 
solution. Unless the slight acidity of the tin salt was neutralized, the fiber 
was unable to be weighted any further by repeated treatments with a tin 
solution. After neutralization, however, the fiber which acts like a free base 
is able to take up an additional quantity of the tin salt. 

The treatment of the silk -with dilute alkali left a precipitate of hydrated 
tin oxide on the fiber and this free base often proved injurious to the goods 
when exposed to air and light. By using disodium phosphate the acidity of 
the tin chloride is neutralized and a phosphate of tin produced, with the 
result that the durability and strength of the fiber is not greatly diminished, 
the silk is rendered suitable for dyeing, and the cost of weighting is con- 
siderably reduced. 

It has subsequently been shown that the use of sodium silicate, in addi- 
tion to a tin salt and disodium phosphate, makes it possible to increase even 
further the percentage of tin absorbed by the silk fiber. 

Phosphoric Acid and Phosphates in Photography 

Salts of phosphoric acid are used to a limited extent in photographic 
processes. Di- and trisodium phosphates, monopotassium phosphate and 
silver phosphate are the salts most generally employed, but monosodium, 
uranium, manganese, barium and vanadium phosphates have been used in 
minor quantities though largely in experimental research work. 

Free phosphoric acid is employed in the so-called aniline process^ for re- 
production of line subjects. This process is based on the property of bi- 
chromate of potash forming with aniline salts dark colored precipitates. The 
printing paper is coated with a solution of potassium bichromate to which 
phosphoric acid has been added. After exposure the development of the 
images or outline is effected by submitting the paper to the action of aniline 
vapors. 

The sensitiveness of silver phosphate to light was discovered by Stro- 
meyer^^ as early as 1830, and this property of the salt was first applied to 
photography by Dr. Fyfe®^ in 1839, when he made a light-sensitive paper 
by soaking it in a solution of sodium phosphate, drying it, and then coating 
one surface with silver nitrate and again immersing it in a solution of so- 
dium phosphate. Silver phosphate in addition to its light sensitiveness is 
quite insoluble and these two properties make it suitable for use in emul- 
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sions for printing-out and developing-out papers. Schwartz®^ prepared an 
emulsion using twice as much disodium phosphate as is necessary to convert 
the silver nitrate into phosphate, and added potassium chlorate and citric 
acid with a little chrome alum to harden the film. Such an emulsion is said 
to be rapid, and easily developed, giving an image of metallic silver having 
a wide range of tones and the permanence of bromide prints. 

Schwartz®^ also described a photographic paper prepared by first apply- 
ing a protective layer of a phosphate of zinc or an alkaline earth metal. 
The silver emulsion is then spread, over this phosphate layer, the silver 
salts diffuse into the ground and form insoluble compounds. 

Silver phosphate is also used in the Iron Silver Process®^ in conjunction 
with a light-sensitive organic ferric salt such as ferric oxalate. When the 
sensitized plate or film is exposed to light, two distinct photochemical re- 
actions take place: The ferric salt is reduced to ferrous salt in proportion to 
the amount of light received; the silver phosphate which possesses all the 
properties required for the production of a perfect image is also affected at 
the same time in proportion to the amount of light received. When these 
reactions have taken place, the ferrous compound produced will act as a 
developer for the silver compound in the presence of the alkali salt of the 
organic acid present, and thus the amount of the developer is automatically 
proportionate to the amount of exposure which has taken place. 

Trisodium phosphate was first suggested by Lumiere®^ as a substitute for 
alkali metal hydrates or carbonates in alkaline developers. He also proposed 
the use of trisodium phosphate in the simultaneous development and fixing 
of photographic images. The following formula is given: 

1,000 cc of water 

32 gm of sodium sulfite 
40 gm of **Hypo” 

6 gm of metaquinone 
100 gm of trisodium phosphate 

While a generous exposure is usually necessary, the results of using simul- 
taneous developing and fixing baths are claimed to be not only as good as 
separate developing and fixing baths, but the danger of overdevelopment 
is materially reduced. 

The use of trisodium or tripotassium phosphates in developers is based 
on their alkalinity^®. The disodium or dipotassium salt may be used, how- 
ever, in conjunction with free alkali, since the actual function of the phos- 
phate ion is that of a buffer, regulating the acidity or alkalinity of the bath. 
Developers containing trisodium phosphate must be made up either with 
distilled water or water containing sodium hexametaphosphate®^. 

The principal value of alkaline phosphates is in developers intended for 
use in tropical climates. It is possible to use a high concentration of the 
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alkaline phosphate and obtain the well-known salt depressing action on the 
swelling of gelatine, which thus reduces the chances of the emulsion soften- 
ing or dissolving at higher temperatures. 

Disodium or dipotassium phosphate probably finds its most extensi¥e 
photographic use in gold toning baths for printing-out papers. Gold ton- 
ing is accomplished by substituting metallic gold for metallic silver in 
the printed-out image, according to the following reaction: 

AuCl *4- Ag Au 4- AgCl 

This reaction takes place best under neutral or slightly alkaline condi- 
tions and the dialkaline phosphates are often used to furnish the necessary 
alkahnity^^. 

Tbicalcium Phosphate and Its Applications 

In recent years a number of uses for pure tricalcium phosphate have been 
developed which render the production of this compound of considerable 
commercial importance. Precipitated tricalcium phosphate is particularly 
well suited to serve as a base for neutral or slightly alkaline tooth pastes and 
powders where a mild abrasive is required which will not scratch the deli- 
cate tooth enamel. Its slight basicity also tends to neutralize acidity and 
correct conditions promoting tooth decay. 

When added to food products it furnishes both lime and phosphoric acid 
and is rendered slowly available by the gastric juices. Tamon^^ recommends 
the addition of 0.25 to 0,3 gram of tricalcium phosphate and 100 to 200 
units of vitamin D per 10 grams of bakery goods to correct calcium defi- 
ciency in children. 

In certain sections of this country the water contains excessive quantities 
of soluble fluorine compounds and if consumed regularly for drinking pur- 
poses it may cause the teeth to become mottled and discolored. Adler^ has 
proposed contacting such water with tricalcium phosphate, which reacts 
with the fluorine to form insoluble compounds analogous to fluorapatite. 
Adler claims that the calcium phosphate can be regenerated and its effi- 
ciency restored by washing it with a dilute solution of sodium hydroxide. 

Practically all table salt contains impurities sufficient to render it some- 
what hygroscopic, particularly in certain climates and during seasons when 
the humidity is high. This hygroscopic property of salt causes it to cake 
and become so damp at times that it is inconvenient to handle and to dis- 
tribute uniformly in food products. 

It has been found by mixing 1 per cent or more of certain light flocculent 
precipitated compounds with such salt that the latter loses its caking prop- 
erties and will flow sufficiently freely to permit its ready distribution in food 
products. 
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The probable action of these finely divided insoluble precipitates is to 
coat the salt grains with a thin film which not only protects them from hu- 
midity but acts as a kind of dry lubricant preventing the salt particles from 
adhering to one another. 

The two precipitated compounds which have imparted the desirable free- 
running property to table salt are magnesium carbonate and tricalcium 
phosphate. The use of the latter compound has recently grown in favor, 
it being argued that the presence of small percentages of inorganic phos- 
phates in food products is unobjectionable if not actually desirable. 

Moss et compared the relative merits of small additions of tricalcium 
phosphate, magnesium carbonate and starch as promoters of non-caking 
and free-running properties to both salt and powdered sugar. Pure trical- 
cium phosphate (200 to 400 mesh) proved to be a more efficient conditioner 
for salt than either of the other two materials and did not detract from the 
luster of the salt grains as did magnesium carbonate. 

One per cent of tricalcium phosphate was found to be more effective 
than 3 per cent of magnesium carbonate and very large percentages of 
starch in lowering the caking tendency of powdered sugar. It is also said 
that there is less likelihood that mold will develop in sugar conditioned with 
tricalcium phosphate than with starch. 

Adler^ also proposed that a basic calcium phosphate, Ca 3 (P 04 ) 2 *Ca 0 H, 
be mixed with 10 per cent of potassium iodide and added to table salt, 
claiming that a stabilized free-running iodized product was thus obtained. 

Since tricalcium phosphate is generally regarded as the end product, 
representing the complete neutralization of phosphoric acid by lime, its 
manufacture would appear off hand to be a relatively simple process*. In 
actual practice, however, considerable difficulty may be experienced in ob- 
taining a product free from either dicalcium phosphate or hydrated lime 
unless great care is exercised in its preparation and strict attention given 
to the various manufacturing details. The general procedure may be briefly 
described as follows: 

An emulsion of milk of lime is first prepared, and to insure the absence 
of small lumps of burned lime or of undesirable impurities, this emlusion 
is strained, diluted and mixed with an amount of phosphoric acid slightly 
less than that theoretically required to produce tricalcium phosphate. The 
mixture is heated and agitated in large tanks until suffiicient time has 
elapsed for the reaction to be completed. The thin emulsion of tricalcium 

* Some doubt exists as to whether or not tricalcium phosphate is actually the final 
product of the complete neutralization of H^P04 with CaO. A product is often ob- 
tained which more nearly conforms to the formula Ca3(P04)2Ga0, moreover, hydroxy- 
apatite 3Cas(P04)2GA0H has been definitely identified in products formerly regarded 
as pure tricalcium phosphate, 
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phosphate is then pumped to a filter press and the bulk of the water elimi- 
nated, after which the damp cake is removed and dried at a temperature 
low enough to prevent the loss of the one molecule of water of crystalliza- 
tion which such tricalcium phosphate contains. 

The dried phosphate must be milled to obtain a product of the desired 
degree of fineness. This operation is relatively simple since it merely con- 
sists in breaking up the loose aggregates and is not strictly a grinding proc- 
ess. The material is then put up in barrels or kegs for the market. 

The product prepared by the above method will usually contain a little 
dicalcium phosphate. The conditioning properties of this latter compound 
are not as good as those of tricalcium phosphate, but the quantity present 
is relatively small. 

No accurate figures are available showing the amount of tricalcium phos- 
phate consximed annually in tooth paste, medicinal preparations, water 
purification and for conditioning table salt, but it appears conservative to 
estimate this amount at 10,000,000 lbs or 5,000 tons. 

PHOSPHA.TE Glasses 

• 

Phosphoric anhydride (P2O6) alone forms a glass but has little or no value 
for this purpose because of its high solubility^®. 

Although various phosphates have been used in the manufacture of glass, 
aluminum metaphosphate appears to offer more promise as a base than 
other phosphate compounds. Volume production of pure aluminum phos- 
phate from phosphoric acid and alumiila can be readily attained by the 
larger manufacturers of elemental phosphorus and there should be no diffi- 
culty in meeting increasing industrial demands^®. Many of the true phos- 
phate glasses have a higher P2O 5 content than the orthophosphates. 

The use of phosphates in the manufacture of glass is a radical departure 
from conventional types of glass made by fusing together lead, silica, lime, 
soda and potash. Yet the number of possible phosphate glasses exceeds 
those of the silicates, and hence products possessing a wider variety of 
physical properties may be obtained. Phosphate glasses not only dissolve 
substances that are virtually insoluble in silicate glasses, but apparently can 
tolerate higher proportions of certain impurities without detrimental effects 
on the physical properties of the final product. 

WeyF lists some of the phosphate glasses according to their uses as 
follows: 

(1) Optical glasses having desirable refractive index-dispersion ratios. 

(2) Glasses having high ultraviolet transmission. 

(3) Fluorescent glasses. 

(4) Heat absorbing glasses. 

(5) Hydrofluoric acid-resisting glasses. 
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Optical Glasses 

According to Hovestadt®®, the first optical glasses containing phosphates 
were developed by Schott in an effort to obtain the properties of low-dis- 
persion and high-refraction index. These properties render a glass excellent 
for achromatizing with the boro-flints in making double objective lenses 
which are used primarily to ehminate the secondary spectrum. 

These earlier phosphate glasses, however, contained high percentages of 
P2O5 and such minor quantities of alumina and boric oxide that they showed 
poor resistivity to moisture and underwent both physical and chemical 
changes. 

Because of their high transmittance of ultraviolet light and the discovery 
of the valuable physiological properties of such light, interest was revived 
in phosphate glasses in 1925. Up to that time only the very costly silica 
glass met these physical requirements. 

In 1926 a new type of ultraviolet transmitting glass was developed 
consisting largely of calcium phosphate but containing minor quantities of 
alumina boric oxide and silica. This product, while not altogether satisfac- 
tory, was a distinct improvement over the phosphate glasses previously 
manufactured. Later however, Grimm and Huppert®® found that aluminum 
phosphate is not only an efficient vitrifying agent, but yields phosphate 
glasses having a low coefficient of expansion and a high permeability to 
ultraviolet light. 

The poor chemical resistivity of phosphate optical glasses has been over- 
come to a considerable extent by increasing their alumina content and add- 
ing from 8 to 12 per cent of boron oxide. The workability of such glasses 
has thus been greatly improved and stable products obtained having a sof- 
tening point as low as 400°C. 

Fluorescent Glasses 

Kaufmann and his co-workers^® reported in 1938 that by the introduction 
of certain activating oxides fluorescent phosphate glasses of high efficiency 
could be produced. Since that time other investigators have given consider- 
able study to the manufacture of such glasses activated by small quan- 
tities of manganese, uranium, tin, thallium and antimony. 

Hooley®’' patented a fluorescent zinc, aluminum phosphate glass activated 
by cerium oxide that was reported to be quite satisfactory. Rather complete 
descriptions of fluorescent glasses are given by Weyl®®. 

Heat-Absorbing Glasses 

Weyl states that * ^Glasses containing divalent iron are a convenient 
means for filtering out the near infrared of intensive light sources. These 
heat filters are slightly bluish green because the absorption band of the 
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in silicate glasses extends into the visible region, lowering the red 
transmission.” 

With the development of colored moving pictures, however, it became 
necessary to produce colorless infrared absorbing filters. E. Berger® found 
that phosphates offered the means of manufacturing such colorless heat- 
absorbing glasses. These glasses, unlike those consisting of silicates con- 
taining 2 to 3 per cent of FeO, do not absorb appreciable amounts of visible 
light. A number of patents covering glasses of this type have been issued 
to Pincus®2, Tillyer et alP, and TilyeF^. Tilyer gives the ranges in the com- 
position of such products in Table 6. 

Fluorine-Resisting Glasses 

One of the outstanding advantages of phosphate glasses is their resistance 
to attack by hydrofluoric acid. Silicate glasses are rapidly acted upon by 


Table 6. Range in Composition op Phosphate Glass poe Window Lights and 

Lenses 


Ingredient 

Range in Composition {%) 

Phosphorus pentoxide (P 2 O 6 ) 

50 to 75 

Silica (SiOa) 

2 to 10 

Alumina (AI 2 O 3 ) 

i 8 to 16 

Boric oxide (B 2 O 3 ) 

1 to 10 

Calcium oxide (CaO) 

2 to 10 


hydrofluoric acid and window panes, gauges and glass faces of instruments 
exposed to its fumes soon lose their transparency, making them difficult to 
read. Aluminum phosphate glasses are not appreciably affected by such 
fumes and their development should be of great value in certain industrial 
plants such as fertilizer factories and those in which fluorine compounds are 
manufactured. The advantages of such acid-resisting glasses was recognized 
by Knaffl^ as far back as 1884, but it was not till many years later that 
satisfactory glasses for this purpose were developed. 

Opaque and Translucent Glasses 

The modern development of electrical illumination and the demand for 
indirect of diffused lighting has been largely responsible for the growth of 
the opaque and translucent glass industry. Such materials as bone ash, 
pure phosphates, guano, magnesium silicates, sodium and calcium fluorides, 
cryolite, fluosilicates, asbestos, tin oxide, etc., are used as opacifying agents. 
Alabaster glasses are probably the oldest type of the opaque glasses. They 
were first made in Bohemia^® and contained high percentages of silica and 
small percentages of calcium, but no appreciable amount of phosphoric acid. 
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In 1743 KunckeP® recommended the use of bone ash as an opacifying 
agent. He used a mixture of 60 lbs of sand, 40 lbs of potassium carbonate 
and 10 lbs of bone ash. With improvements in the design and operation of 
glass-making furnaces, better methods and formulas for manufacturing 
more permanent or durable opaque glasses were sought. In more recent 
years artificially prepared sodium or calcium phosphates have been used 
instead of bone ash, since these substances can be prepared very pure and 
in such a fine state that a more uniform and dependable glass can be 
obtained. 

Rosenhain®^ attributed the opacity of these glasses to small particles of 
calcium phosphate disseminated throughout the mass, the separation of this 
compound taking place as the glass cools. According to WeyP®, however, 
it seems more likely that the opacity is due to fine crystals of fluorapatite 
since bone and natural phosphates nearly all contain appreciable amounts 
of fluorine. Earhart^^ obtained good sanitary ware, glazes as opaque as those 
obtained with oxide of tin by using several phosphate salts. 

Opal, opalescent and mother of pearl glasses occupy an important place 
in the ornamental glass industry. The first iridescent glass appeared about 
1870 and since that time the progress has been very marked^®. The following 
batch mixture is said to yield one of the most successful mother of pearl 


Sand 

100 

Potash 

45 

Red lead 

52 

Bone ash 

8 


parts by weight 
parts by weight 
parts by weight 
parts by weight 


By adding a small amount of manganese dioxide an excellent imitation 
of the antique Venetian mother of pearl is obtained with similar translu- 
cency and pearly iridescence. Mellor®^ gives the following formula for such 
glass: 


Sand 

68 

parts by weight 

Potash 

21 

parts by weight 

Soda 

5 

parts by weight 

Red lead 

5 

parts by weight 

Saltpeter 

1 

parts by weight 

Borax 

1 

parts by weight 

Calc, spar 

4 

parts by weight 

Bone ash 

6-10 parts by weight 


These typical formulas illustrate the importance of bone ash or phosphates 
in the mantifacture of ornamental glass. 


Bone China 

Bone china is a development of the English potters, who obtained their 
early inf ormation indirectly from China. It is the most highly prized china- 
ware on the market and the most difl&cult to manufacture. The physical 
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properties of bone china which appeal so strongly to the connoisseur are 
its fineness of texture, its transiucency and its pearly iridescence. 
According to Moore®®, the composition of good bone china may fall within 
the following range: 

(%) 

Bone ash 42 to 32 

Feldspar 15 to 19 

China clay 33 to 35 

Flint 10 to 14 


It seems pretty well agreed that the addition of bone ash increases the 
fluxing action of feldspar^®. In discussing the constitution of bone china, 
WeyF^ concludes that it consists of a glassy phase relatively rich in calcium 
oxide which accounts for its relatively high refractive index. In addition to 
minor amounts of quartz and mullite, probably the chief crystalline con- 
stituent is apatite. This same authority®® in a discussion of the ‘^Role of 
Phosphorus in Bone China” attributes the transiucency of bone china to 
three main factors: (1) degree of vitrification; (2) difference of refractive 
indices of the glassy and crystalline phase; (3) the absorption of light caused 
by such impurities as iron compounds. 

In preparing a china clay body the materials should be finely ground 
either separately or after mixing and then subjected to the action of power- 
ful magnets to remove all traces of metallic iron. 

The next operation, that of getting the body into the most plastic or 
workable condition, requires considerable time and attention. Upon grind- 
ing Cornish stone or feldspar in water, hydrolysis takes place and china clay 
and water glass are formed to some extent. In a like manner, the grinding 
of bone ash in water possibly forms some acid calcium phosphate or even 
phosphoric acid. As a result of this wet grinding the materials acquire a 
much greater plasticity. It has been found advantageous to use a bone ash 
which has retained a large part of its carbon, as it is much more plastic than 
a hard burned bone ash. 

According to Mellor®^, the bone china body cannot be matured or tem- 
pered like an ordinary clay body, because the organic matter in the bone 
ash will begin to putrefy with the development of small gas bubbles. Pug 
mills cannot be successfully used as the cutting action of the blades tends 
to make the clay short®. Tempering should be accomplished more or less 
by a kneading action, and the French rolling table is said to more nearly 
meet these conditions. 

, In biscuit firing a tremendous contraction takes place up to a certain 
temperature. Great care must be exercised in this heating operation since 
excessive temperatures cause expansion and warping of the china and the 
formation of small bubbles in the ware. These bubbles are caused by the 
liberation of phosphorus from the bone ash in the body mixture. 
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On firing in the glost oven and enamel kiln unstable phosphates ranging 
from the white variety to a blue or bluish-green may oxidize to a brown or 
spotted brown stain. 

Davis^®, in experimenting with precipitated phosphates as substitutes for 
bone ash, found that such phosphates gave excellent results and that the 
failures so often blamed on the precipitated phosphate were due to the 
alkali impurities, thus pure alkali free phosphate gave as good results as 
bone ash. This suggested the use of Canadian apatites practically alkali 
free. Four bodies made up using Canadian apatites in lieu of bone ash made 
excellent ware. Jackson and Holdcroft^^ believe that the substitution of cal- 
cium phosphate for bone ash has the same effect on translucency but that 
the ware has a greater tendency to deform during firing. 

At the present time veiy httle bone china is made in this country, but 


Table 7. Composition of Two Modern Glazes Containing Bone Ash 


Ingredients 

No. 1 

No. 2 

Sand 

100 

100 

Red lead 

60 


Potash 

22 

30 

Bone ash 

12 

8 

Tin oxide 

12 


Saltpeter 

5 

3 

Borax 

4 


Soda 


8 

Lime 


6 

Arsenic 




there is no definite reason why the industry should not be more firmly 
established in the United States as the demand for such ware is very great. 

Porcelain Enamels anu Glazes 

Tricalcium phosphate in the form of bone ash has an extensive use in the 
china and porcelain glaze industry. According to Collie^^ the Chinese used 
considerable amounts of phosphate in their fieldspathic glazes for pottery 
porcelain as early as 960 to 1279 A.D. 

Formulas of the more two modem enamel glazes are showm in Table 7. 

Fritz^®, however, recommends a batch mix containing a much higher pro- 
portion of PaOfi to give a brilliant glaze free from the crazing tendency. 

White enamel is one of the favorite finishes on steel products but most 
white enamels will not adhere directly to metal surfaces and it is therefore 
customary to apply a groimd coat first containing materials such as cobalt 
and nickel that fuse to steel but 3deld dark-colored enamels. A suitable 
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mixture is then sprayed upon the ground coat to give white opaque enamel 
sufficiently thick to mask the dark color of the undercoat. 

WhiteselP® patented a process for manufacturing a white enamel frit 
which comprised adding forming materials, zirconium silicate and alumi- 
num phosphate to glass. This frit is said to be so effective that a single 
coat produces a satisfactory opaque white enamel. 

In addition to the white or cream colored glasses obtained by the use of 
aluminum and alkali phosphates, some of the most efficient colors for hard 
porcelains and glazes are produced by metallic phosphates*®. Cerium pyro- 
phosphate gives a sulfur yellow color resistant to oxidizing and reducing 
gases; ferric phosphate produces a chestnut brown; manganese pyrophos- 
phate gives a yellowish brown, and cobalt phosphate and manganese phos- 
phate or dioxide yields a blue black color. 

Phosphoeic Acid in Dental Cements 

Since our natural teeth are composed largely of phosphate of lime it is 
logical that phosphates should be used in their repair and replacement. 
Phosphoric acid is widely used in dental cements. Years of careful and 
painstaking research have been conducted in seeking and in choosing mate- 
rials to stand up under the deteriorating conditions to which dental cements 
are exposed. Not only must such cements withstand severe strains and 
stresses, but they must also be subjected to chemical and bacterial influ- 
ences which tend to bring about their disintegration. 

Good dental cements should have the following properties: 

(1) Relatively quick setting and strong adhesive properties. 

(2) A coefficient of expansion practically identical with that of the hu- 
man teeth. 

(3) Hardness and a high crushing strength. 

(4) The property of being nonporous and resistant to the solvent effect 
of saliva. 

(5) Germicidal properties. 

In addition to the above properties, certain types of cements must have 
a color and translucency simulating the life-like appearance of natural 
teeth. 

According to Souder and Paffenbargeri^ cement restorations comprise 
approximately 10 per cent of all fillings and if the auxiliary use of such 
cements are considered (such as bases for metallic fillings, pulp capping, 
etc.) cements in some form are used in 50 per cent of all dental restorations. 

Dental cements have three practical advantages over metallic filling ma- 
terials: (1) a natural appearance which makes it possible to simulate or 
match the human teeth; (2) greater speed of manipulation than metals and 
alloys; and (3) lower heat conductivity. 
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WHereas, their minor ingredients vary somewhat, phospliate dental ce- 
ments may be divided into two classes: 

(1) Zinc phosphate cements obtained by mixing zinc oxide powder with 
phosphoric acid. 

(2) Silicate cements which are produced by mixing finely ground fused 
glass-Hke mixtures with phosphoric acid to form a plastic mass. 

A third class of cements containing varying percentages of copper com- 
pounds are also produced which have more marked germicidal or antiseptic 
properties than the two classes mentioned above^^ 

Dental cements reach the dentist in the form of a powder and a liquid. 
These are mixed just prior to use. The powder or solid contains the basic 
ingredients and the liquid furnishes the acid ingredient. Vogt^^ and Po- 
teschke®^ lay great emphasis on the importance of thoroughly mixing the 
solid and liquid and upon the consistency of the paste formed, pointing out 
that the chemical constitution and physical properties of the final product 
are dependent upon the most intimate contact between the reacting in- 
gredients. 

Zinc Phosphate Cements 

The main ingredient of the powdered portion of zinc phosphate cements 
is zinc oxide which has been calcined to render it more slowly reactive with 
phosphoric acid. These powders may be grouped into 3 classes according to 
their composition. Class 1 contains almost 100 per cent zinc oxide; class 2 
contains zinc and magnesium oxides in the approximate ratios of 9 to 1; 
class 3 is more complex, since in addition to zinc and magnesium oxides 
other constituents such as barium sulfate, bismuth oxide, silica, etc., are 
present in minor quantities. The cement produced from powders of class 2 
appear to have superior physical properties^®. 

The composition of several samples of these three classes of cement pow- 
ders is given in Table 8. 

The liquid portion of zinc phosphate cements consists of phosphoric acid, 
but a number of bases are dissolved therein so that the percentage of free 
acid is substantially reduced. The rate of reaction is slowed down when the 
liquid and powder are mixed thus preventing premature setting. The water 
content of the phosphoric acid-phosphate solutions according to Souder 
and Paffenbarger^^ is within the range of 33 db 5 per cent. 

The composition of typical samples of the phosphoric acid liquid used in 
zinc phosphate cements is given in Table 9. 

The powdered base and acid should be so proportioned that a thick paste 
is produced and a slight excess of zinc oxide maintained in the mix so that 
the final product will contain no free phosphoric acid. 

The exact nature of the compounds formed by the reaction between the 
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powder and the liquid are not known, but there is little doubt that zinc 
phosphates predominate in the final product. As shown by the x-ray diffrac- 


Table 8. Composition of Zinc Phosphate Cement Powdees 


Percentage by Weight 


Class Sample 



ZnO 

MgO 

SiOj 

-RtOz 

BigOj 

Miscellaneous 

A 

100 


0.05 

0.05 



, B 

99.7 


0.10 

0.10 


CaO O.IO 

^ C 

98.0 




1.90 


D 

99.4 


0.06 

0.10 

0.04 


E 

92.4 

7.5 

0.10 

0.06 


CuOO.lO 

F 

90.3 

8.2 

1.40 

0.10 



2 G 

90,2 

9.4 

0.40 

0.07 



H 

89.9 

9.1 

0.40 

0.50 



I 

89.5 

9.4 

0.30 



BaCr 04 0.80 

L 

89.1 

4.0 

1.80 

0.50 

4.50 


M 

82.2 

9.0 

3.00 

0.90 

4.10 

CuO 0.80 

3 N 

83.1 

7.2 

0.10 

0.04 


BaSO,8.20 

0 

84.0 

7.2 

4.90 

1.00 


CaFj 2.70 

P 

74.9 

13.0 

1.30 

2.60 


CaO 2.2, BsOj 5.1 


Table 9. Composition op Zinc Phosphate Cement Liquids 


Class Sample 

POi 

A1 

Zn 

Mg 

Free HsPO< 

Total HjPO* 

A 

57.4 

1.8 

10.0 


42.8 

59.4 

- B 

55.2 

3.4 

3.1 


41.6 

57.1 

1 C 

64.3 

2.7 



56.8 

66.6 

E 

57.3 

2.1 

10.0 


41.7 

59,3 

E 

64,6 

2.7 

1,6 


55.5 

66.9 

F 

52.6 

2.5 

7.1 


38.2 

54.4 

2 G 

59.9 

2.9 ^ 

2.0 


49.4 

62.0 

H 

59.7 

2.1 I 

4.1 


50.1 

61 .8 

I 

57.9 

2.8 


0.30 

48.9 

59.9 

L 

64.2 

2.7 

0,9 


55.8 

66.5 

M 

67.2 

*3.0 



58.7 

69.6 

3 N 

64.9 

2.9 



56.6 

67.2 

■ ' '0 

54.6 i 

2.3 

10.3 


37.8 

56.5 

P 

53.4 1 

2.7 



45.5 

55.3 


tion pattern, these cements have a crystalline structure, the formation of 
which gives them their setting properties. 

The time of setting is most important in the practical application of 
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phosphate cements®®. The cement should set relatively slowly at ordinary 
temperatures but accelerate at somewhat elevated temperatures. In this 
way the dentist has ample time to mix the ingredients, but the patient 
will not be inconvenienced in waiting for the cement to harden. Federal 
specifications call for a setting time of not less than 4 or more than 10 
minutes®®. 

The compressive strength or hardness of zinc phosphate cements average 
about 13,000 psi, as against 30,000 lbs for human dentine and about about 
100,000 psi for sound tooth enamel. 

Zinc phosphate cements are not as durable as metallic fillings. More- 
over, while white, they are opaque and lifeless and hence cannot be used 
for filling or facing anterior teeth. 


Table 10. Composition op Silicate Cement Powders 


Cement Powder 

Percentage by Weight 


SiOj 

AljOa 

CaO 

F 

NasO 

P 2 O 5 

Loss on ignition 

SA 

47.2 

i 

33.1 

10.4 


8.7 


0.7 


44.0 

21.4 ! 

13.6 


2.6 

7,6 

0.8 

SC^ 

32.0 

29.5 ! 

10.5 

14.3 

9.8 1 

5.8 

2.4 

SD 

39.9 

27.7 

7.2 

15.4 

9.0 

4.0 

0.8 

SE« 

35.1 1 

29.9 

9.6 

14.2 

9.8 1 

6.4 

0.1 

SF 

14.6 

15.6 

3.9 

5.9 

3.9 

2.1 

0.1 

SG 

37.7 

31.7 

1 

7.6 

i 

12.9 

10.0 

3.3 

0.9 


» Contained 9.8% BeO and 0.3% NiO 
Contained 0.3 Sr 
« Contained 0.2 Fe 203 


Silicate Cements 

Silicate cements were developed to meet a long felt need for a material 
with adhesive and setting properties which would also have a color and 
translucency approximating that of natural teeth. Whereas, such cements 
have not been entirely perfected, they have been greatly improved both 
with regard to their appearance as well as their other physical properties. 
Paffenbarger®® estimates that roughly 11,000,000 silicate cement fillings 
are made annually in the United States, which is rather conclusive evidence 
of their acceptability. 

As in the case of zinc phosphate cements, the production of the silicate 
cements involves the mixing of a solid and a liquid component. The liquid 
is a solution of phosphoric acid very similar in composition but somewhat 
less concentrated than that used in zinc phosphate cements. 

The solid or powdered portion of silicate cement is produced by inti- 
mately mixing certain proportions of silica, alumina, lime and a flux, 
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heating this mass to a temperature of 2000 to 2400°F, and finely grinding 
the resultant glass-like product. 

The composition of a number of silicate cement powders is given in 
Table 10. It will be noted that most of these powders contain appreciable 
percentages of P 2 O 6- 

According to Souder and PaffenbargeF^ there is a profound difference 
between the reactions involved in the setting of silicate and zinc phosphate 
cements. Whereas, the latter are crystalline products, the former are more 
in the nature of gels of complex silicates^^. 

Most of the silicate, cements when properly mixed will set within 3 to 4 
minutes at mouth temperature and will eventually obtain a compressive 
strength of about 24,000 psi. The hardness of phosphate-silicate cements is 
almost as great as that of dentine, but they are considerably more brittle 
and are not as resistant to shock as natural teeth. The pwsibilities of im- 
proving the adhesiveness translucency and toughness of such cements still 
offer a fertile field for research. 

The total consumption of phosphoric acid (P^Os) for dental purposes 
probably does not exceed a few tons per year, but the benefits derived from 
this relatively small quantity used in the repair and restoration of human 
teeth are immeasurable. 
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Appendix 

Table 1. Intebnational Atomic Weights 


Reprinted from the J. Am. Chem. Soc., 69, 734 (1947) 



Symbol 

Atomic Weight 


Symbol 

Atomic Weight 

Aluminum 

A1 

26.97 

Molybdenum 

Mo 

95.95 

Antimony 

Sb 

121.76 

Neodymium 

Nd 

144.27 

Argon 

A 

39.944 

Neon 

Ne 

20.183 

Arsenic 

As 

74.91 

Nickel 

Ni 

58.69 

Barium 

Ba 

137.36 

Nitrogen 

N 

14.008 

Beryllium 

Be 

9.02 

Osmium 

Os 

190.2 

Bismuth 

Bi 

209.00 

Oxygen 

0 

16.0000 

Boron 

B 

10.82 

Palladium 

Pd 

106.7 

Bromine 

Br 

79.916 

Phosphorus 

P 

30.98 

Cadmium 

Cd 

112.41 

Platinum 

Pt 

196.23 

Calcium 

Ca 

40.08 

Potassium 

K 

89.096 

Carbon 

C 

12.010 

Praseodymium 

Pr 

140.92 

Cerium 

Ce 

140.13 

Protactinium 

Pa 

231. 

Cesium 

Cs 

132.91 

Radium 

Ra 

226.05 

Chlorine 

Cl 

35.457 

Radon 

Rn 

222. 

Chromium 

Cr 

62.01 

Rhenium 

Re 

186.31 

Cobalt 

Co 

58.94 

Rhodium 

Rh 

102.91 

Columbium 

Cb 

92.91 

Rubidium 

Rb 

85.48 

Copper 

Cu 

63.54 

Ruthenium 

Ru 

101.7 

Dysprosium 

Dy 

162.46 

Samarium 

Sm 

150.43 

Erbium 

Er 

167.2 

Scandium 

Sc 

45.10 

Europium 

Eu 

152.0 

Selenium 

Se 

78.96 

Fluorine 

F 

19.00 

Silicon 

Si 

28.06 

Gadolinium 

Gd 

1*66.9 

Silver 

Ag 

107.880 

Gallium 

Ga 

69.72 

Sodium 

Na 

22.997 

Germanium 

Ge 

72.60 

Strontium 

Sr 

87.63 

Gold 

Au 

197.2 

Sulfur 

S 

32.066 

Hafnium 

Hf 

178.6 

! Tantalum 

Ta 

180.88 

Helium 

He 

4.003 

Tellurium 

Te 

127.61 

Holmium 

Ho 

164.94 

Terbium 

Tb 

159.2 

Hydrogen 

H 

1.0080 

! Thallium 

tl 

204.39 

Indium 

In 

114.76 

Thorium 

Th 

232.12 

Iodine 

I 

126.92 

Thulium 

Tm 

169.4 

Iridium 

Ir 

193.1 

Tin 

Sn 

118.70 

Iron 

Fe 

55.85 

Titanium 

Ti 

47.90 

Krypton 

Er 

83.7 

Uranium 

U 

238.07 

Lanthanum 

La 

138.92 

Vanadium 

V 

50.95 

Lead 

Pb 

207.21 

Wolfram 

w 

183.92 

Lithium 

Li 

6.940 

Xenon 

Xe 

131.3 

Lutetium 

Lu 

174,99 

Ytterbium 

Yb 

173.04 

Magnesium 

Mg 

24.32 

Yttrium 

Y 

88,92 

Manganese 

Mn 

54.93 

Zinc 

Zn 

65.38 

Mercury 

Hg 

200,61 

Zirconium 

Zr 

91.22 
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Table 2, Weights and Measures 



A, 

Linear Measure 


12 inches 

1 foot 

10 mm 

« 1 centimeter 

3 feet 

“ 1 yard 

10 cm 

as 1 decimeter 

5| yards 

« 1 rod 

10 dm 

as 1 meter ■ 

320 rods 

« 1 mile 

10 m 

= 1 dekameter 

1,760 yards 

« 1 mile 

10 dek-m 

ss 1 hektometer 

5,280 feet 

= 1 mile 

10 hekt-m 

*s 1 kilometer 


B. Square Measure 


144 sq inch = 

1 sq ft 

100 sq mm 

= 1 sq cm 

9 sq ft =s 

1 sq yd 

100 sq cm 

*» 1 sq dm 

20.25 sq yd ~ 

1 sq rod 

100 sq dm 

s= Isqm 

272.25 sq ft = 

1 sq rod 

100 sq m 

as 1 sq dekameter 

160 sq rd = 

1 acre 

100 deka m 

« 1 hektometer 

620 acres =* 

1 sq mile 

100 sq hekto m ®= 1 kilometer 


1,728 cu inch 
27 cu ft 
128 cu ft 


gills = 
pints = 


4 quarts = 1 gallon 


C* Cubic Measure 

' 1 cu foot 1000 cu mm = 1 cu cm 

' 1 cu yd • 1000 cu cum — 1 liter 

' 1 cord 1000 liters « 1 cu meter 

D, Ijiquid Measure 

1000 cu mm « 1 cc 
1000 cu cm =* 1 liter 
1000 liters « 1 cu meter 


1 pint 
1 quart 


31 i gals 
2 bbls 


1 bbl (U. S.) 
1 hogshead 


E. Weight Measures 

Avoirdupois Troy Metric 


16 drams 1 oz 

24 grams 

s= 1 pennywt 

10 mg 

= 1 centigram 

16 oz 

« 1 lb 

20 pennywt 

« 1 oz 

10 cgm 

=» 1 decigram 

100 lbs 

=S 1 cwt 

12 oz 

« 1 lb 

10 decigrm 

as 1 gram 

20 cwt 

“ 1 ton 



10 gms 

= 1 dekagram 


10 dekagms » 1 hect/ogram 
10 hectogms » 1 kilogram 
1000 kilos = 1 metric ton 


Table 3. Equivalent Values for Power Expressed in Various English and 

Metric Units 


Items 

Watt 

KW 


Conti- 

nental 

HP 

KgM 
per sec 

Ft It) per 
sec 

Kg cal : 
per sec 

Btu 
per sec 

1 watt 

1.000 

0.0010 

0.0013 

0.0014 

0.1020 

0.7370 

0.0002 

0.0010 

1 kw 

1000.0 

1,0000 

1.3400 

1.3600 

102.0 

737.000 

0-2380 

0.9470 

1 English hp 

746,0 

0.7460 

1.0000 

1.0150 

76.0 

550.000 

0.1780 

0.7070 

1 Continental hp 

735.0 

0.7350 

0.9850 

1.0000 

75.0 

541.000 

0.1750 

0.6960 

1 kg m per sec 

9.81 

0.0098 

0.0131 

0.0133 

1.000 

7.233 

0.0023 

0,0093 

1ft lb 

1.356 

0,0014 

0.0018 

0.0019 

0.1380 

1.0000 

0.0003 

0.0013 

1 kcal 

4200.0 

4.200 

5.6100 

5.7000 

427.000 

3090.00 1 

1.0000 

3.9680 

1 Btu 

1055 

11.055 

0.4150 

0.4220 

107.600 

777,60 'i 

,1 

0.2520 

1.0000 
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Table 4. Heat and Enebgy Equivalent op Electric Power, and Various Fuels 


Items 

(Hrs) 

Hpa 

(Hrs) 

C to CO» 
(lbs) 

C to 
CCM 

Coal* ' 
(lbs) 

Coke* 

(lbs) 

OiP 

(lbs) 

Natural* 

(las 

(Cu Ft) 

1 kw-hr^ 

1.0 

1.342 

0.762 

0.234 

0.262 

0.282 

0.179 

2.846 

1 hp hrs® 

0.745 

1.00 

0.568 ; 

0.174 

0.196 

0.204| 

0.134 

2.121 

1 lb C to C03 1 

1.312 

1.367 

1.0 

0.306 

0.344 

0.360 

0.236 

3.733 

1 lb C to COa^ 1 

4.287 

5.748 

3.269 

1.0 

1.127 

1.176 

0.771 

12.204 

I lb coal® 

3.8 

5,10 

2.901 

0.888 

1.0 

1.044 

0.684 

10.833 

1 lb coke® 

3.645 

4.883 

2.779 

0.850 

0.957 

1.00 

0.655 

10.373 

1 lb oiP 

3.807 

1 7.466 

4.241 

1.297 

1.462 

1.526 

1.00 

15.833 

1 cu ft natural gas® 

0.351 

! 0,432 

1 

0.268 

0.082 

I 0.092 

0.096 

0.63 

1.00 


1 1 kw-hr — 3,415 Btu’s. ® 1 lb coal ~ 13,000 Btu’s. 

2 1 hp hr = 2,545 Btu’s. ® 1 lb coke — 12,448 Btu^s. 

3 1 lb C to CO = 4,480 Btu’s. ’ i jb fuel oil = 19,000 Btu’s. 

^ 1 Ib C to COa ~ 14,645 Btu*s. cu ft nat. gas — 1,200 Btu’s. 


Table 5. Chemical Conversion Factors Applicable to Phosphorus and Its 

* Compounds 


Name 

Formula 

Mol. Wt. 

To Con 
(Multi] 

P4 

ivert To 
ply by) 

P20s 

Aluminum phosphate 

AIPO 4 

122.14 

0.254 

0.581 

Ammon, phosphate, (mono) 

NH 4 H 2 PO 4 

115.10 

0.269 

0.617 

(di) 

(NH4)2HP04 

132.13 

0.235 

0.537 

(meta) 

(NH4)4P40j2 

388.33 

0.312 

0.731 

Calcium phosphate (mono) 

CaH 4 (P 04 ) 2 H 20 

252.20 

0.242 

0.564 

(di) 

CaHP 04 - 2 H 20 

172.15 

0.235 

0.538 

(tri) 

Ca3(P04)2 

310.29 

0.200 

0.458 

(meta) 

Ca(P03)2 

278.00 

0.313 

0.718 

(pyro) 

Ca 2 P 207 

254.28 

0.244 

0.559 

Magnesium phosphate (di) 

MgHP04-3H20 

174.42 

0.178 

0-407 

(tri) 

Mg3(P04)2-8H20 

407.17 

0.152 

0.349 

(pyro) 

Mg2p207 

222.72 

0.279 

0.638 

Phosphoric acid (ortho) 

H 3 P 04 1 

98.14 

0.316 

0.725 

(meta) 

HPOa 

80.05 

0.388 

1 0.887 

(pyYo) 

[ H 4 P 2 O 7 

178.11 

0.349 

0.797 

Phosphorus (elemental) 

P 4 

124.16 

1.000 

2.289 

Phosphorus pentoxide 

PsOfi 

142.08 

0.437 

1.000 

Potassium phosphate (mono) 

KH 2 P 04 

136.16 

0.228 

0.522 

(di) 

K 2 HP 04 

174.25 

0.178 

0.408 

(tri) 

K 3 P 04 

212.34 

0.146 

0.334 

(meta) 

K 4 P 4012 

472.56 

0.263 

0.601 

(pyro) 

K 4 P 207 

330.54 

0.188 

0.429 

Sodium phosphate (mono) 

NaHaPO^-HaO 

138.07 

0.225 

0.514 

(di) 

Na 2 HP 04 - 12 H 20 

358,24 

0.089 

0.198 

(tri) 

Na 3 P 04 - 12 H 20 

380.23 

0.082 

0.187 

(meta) 

Na4P40i2 

408.16 

0.304 

0.696 

(pyro) 

Na4P2O7-10H2O 

446.24 

0.139 

0.318 
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Table 6 . Conveesion Factors (Phtsical) 


Multiply 

By 

To Obtain 

Multiply 

' By 

Acres 

1 

|43,660 

Square feet 

Cubic feet 

7.4W52 

Acres 

4840 

Square yards 

Cubic feet 

28.32 




Cubic feet 

59.84 

Atme^pheres 

76.0 

Cms of mercury 

Cubic feet 

29.92 

Atmospheres 

29.92 

Inches of mercury 



Atmospheres 

33.90 

Feet of water 

Cubic feet/second 

0.648317 

Atme^pheres 

10,333 

Kgs/sq meter 

Cubic feet/second 

448.831 

Atmospheres 

14.70 

Lbs/sq inch 






Cubic inches 

16.39 

Barrels-oil 

42 

Gallons-oil 

Cubic inches 

5.787 X ir* 

Barrels-cement 

376 

Pounds-cement 

Cubic inches 

1.639 X 10-6 




Cubic inches 

2.143 X 10-5 

Bags or sacks-ce- 

94 

Pounds-cement 

Cubic inches 

4.329 X 10-3 

ment 



Cubic inches 

1.639 X I0-® 




Cubic inches 

0.03463 

Board-feet 

144 sq in. x 1 

Cubic inches 

Cubic inch^ 

0.01732 




Cubic meters 

35.31 

British Thermal 

0.2520 

Kilogram-calories 

Cubic meters 

61.023 

Units 



Cubic meters 

1.308 

British Thermal 

777.5 

Foot-lbs 

Cubic meters 

264.2 

Units 





British Thermal 

3.927 X 10-'‘ 

Horse-power-hrs 

Cubic meters 

2113 

Units 



Cubic meters 

11057 

British Thermal 

107.5 

Kilogram-meters 



Units 



Cubic yards 

46,656 

British Thermal 

2.928 X ICr* 

Kilowatt-hrs 

Cubic yards 

0.7646 

Units 



Cubic yards 

202.0 




Cubic yards 

764.6 

Btu/min 

12.96 

Foot-lbs/sec 

Cubic yards 

1616 

Btu/min 

0.02356 

Horse-power 

Cubic yards 

807.9 

Btu/min . 

0.01757 

Kilowatts 






Degrees (angle) 

60 

Centimeters 

0.3937 

Inches 

Degrees (angle) 

0.01745 




Degrees (angle) 

3600 

Centimtrs of mer- 

0.01316 

Atmospheres 



cury 



Degrees/sec 

0.1667 

Centimtrs of mer- 

0.4461 

Feet of water 

Degrees/sec 

0,002778 

cury 





Centimtrs of mer- 

136.0 

Kgs/sq meter 

Drams 

27.34376 

cury 



Drams 

0.0625 

Centimtrs of mer- 

27.85 

Lbs/sq ft 

Drams 

1.771846 

cury 





Centimtrs of mer- 

0.1934 

Lbs/sq inch 

Fathoms 

6 

cury 








Feet 

30.48 

Cubic centimeters 

3.531 X 10-‘ 

Cubic feet 

Feet 

0.3048 

Cubic centimeters 

6.102 X 10"* 

Cubic inches 



Cubic centimeters 

1.308 X 10-6 

Cubic yards 

Feet of water 

0.02960 

Cubic centimeters 

2.642 X 10-* 

Gallons 

Feet of water 

0.8826 

Cubic centimeters 

2.113 X 10-6 

Pints (liq) 

Feet of water 

304.8 

Cubic centimeters 

1.057 X 10-3 

Quarts (liq) 

Feet of water 

62.43 




Feet of water 

0.4335 

Cubic feet 

2.832 X 10< 

jCubic cms 



Cubic feet 

1728 

Cubic inches 

Foot-pounds 

1.286 X 10-s 

Cubic feet 

0.02832 

j Cubic meters 



Cubic feet 

0.03704 

Cubic yards 

Foot-pounds 

6.050 X 10-^ 

! 


To Obtain 


Gallons 
loiters 
Pints 0iq) 

Quarts (liq) 

Million gals/day 
Gallons/min 

Cubic centimeters 
Cubic feet 
Cubic meters 
Cubic yards 
Gallons 
Litem 
Pinte (liq) 

Quarts (liq) 

Cubic feet 
Cubic inches. 
Cubic yards 
Gallons 

Pints (liq) 

Quarts (liq) 

Cubic inches 
Cubic meters 
Gallons 
Liters 
Pints (liq) 

Quarts (liq) 

Minutes 

Radians 

Seconds 

Revolutions/min 

Revolutions/sec 

Grains 

Ounces 

Gra'ms 

Feet 

Centimeters 
Meters . 

Atmospheres 
Inches of mercury 
Kgs/sq meter 
Lbs/sq ft 
Lbs/aq inch 

British Thermal 
Units 

Horse-power-hrs 
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Table 6 — Continued 


Multiply 

By 

To Obtain 

Multiply 

By 

ToObtwii 

Foot-pounds 

3.241 X 10-1 

Kilogram-calories 

Horse-power 

10.70 

Kg-calories/min 

Foot-pounds 

0.1383 

Kilogram-meters 

Horse-power 

0.7457 

Kilowatts 

Foot-pounds 

3.766 X 

Kilowatt-hrs 

Horse-power 

745.7 

Watts 

Foot-pounds/sec 

7.717 X 10“® 

B. T. Units/min 

Horse-power (boiler) 

33,479 

Btu/hr 

Foot-pounds/sec 

1.818 X 10-® 

Horse-power 

Horse-power (boiler) 

9.803 

Kilowatts 

Foot-pounds/aec 

1.945 X 10-2 

Kg-calories/min 




Foot-pounds/aec 

1.356 X 10-« 

Kilowatts 

Horse-power-hours 

2547 

British Thermal 






Units 

Gallons 

3785 

Cubic centimeters 

Horse-power-hours 

1.98 X lOS 

Foot-lbs 

Gallons 

0.1337 

Cubic feet 

Horse-power-hours 

641.7 

Kilogram-calories 

Gallons 

231 

Cubic inches 

Horse-power-hours 

2.737 X 105 

Kilogram-meters 

Gallons 

3.785 X 10-3 

Cubic meters 

Horse-power-hours 

0.7457 

Kilov/att-hours 

Gallons 

4.951 X 10-3 

Cubic yards 




Gallons 

3.785 

Liters 

Inches 

2.540 

Centimeters 

Gallons, Imperial 

1,20096 

U. S. gallons 

Inches of mercury 

0.03342 

Atmospheres 

Gallons, U. S. 

0.83267 

Imperial ^llons 

Inches of mercury 

1.133 

Feet of water 




Inches of mercury 

345.3 

Kgs/sq meter 

Gallons water 

8.3453 

Pounds of water 

Inches of mercury 

70.73 

Lbs/sq ft 




Inches of mercury 

0.4912 

Lbs/sq inch 

Gallons/min 

2.228 X 10-3 

Cubic feet/sec 




Gallons/min 

0.06308 

Liters/sec 

Inches of water 

0.002458 

Atmospheres 

Gallons/min 

8.0208 

Cu ft/hr 

Inches of water 

0.07355 

Inches of mercury 

Gallons/min 

8.0208 

Overflow rate 

Inches of water 

25.40 

Kgs/sq meter 


Area (sq ft) 

(ft/hr) 

Inches of water 

0.5781 

Ounces/sq inch 




Inches of water 

5.202 

Lbs/sq foot 




Inches of water 

0.03613 

Lbs/sq inch 

Grains (troy) 

1.0 

Grains (avoir) 




Grains (troy) 

0.06480 

Grams 

Kilograms 

980.666 

Dynes 

Grains (troy) 

0.04167 

Pennyweights 

Kilograms 

2.205 

Lbs 



(troy) 

Kilograms 

'1.102 X 10-3 

Tons (short) 

Grains (troy) 

2.0833 X 10-3 

Ounces (troy) 


■ 





Kilograms-calories 

3.968 

British Thermal 

Grains/U.S. gal 

17.118 

Parts/miUion 



Unit 

Grains/U.S. gal 

142.86 

Lbs/milHon gal 

Kilograms-calories 

3086 

Foot-pounds 

Grains/Imp. gal 

14.254 

Parts/million 

Kilograms-calories 

1.558 X 10-3 

Horse-power-hrs 




Kilograms-calories 

1,162 X 10-3 

Kilowatt-hours 

Grams 

980.7 

Dynes 




Grams 

15.43 

Grains 

Kilogram-calories/ 

51.43 

Foot-pounds/ sec 

Grams 

0.03527 

Ounces 

min 



Grams 

0.03215 

Ounces (troy) 

Kilogram-calories/ 

0.09351 

Horse-power 

Grams 

2.205 X 10-3 

Pounds 

min 






Kilogram-calories / 

0.06972 

Kilowatte 

Granaa/liter 

58.417 

Grains/gal 

min 



Grams/liter 

8.345 

Pounds/1000 gal 




Grams/liter 

0.062427 

Pounds/cubic ft 

iKgs/meter 

0.6720 

Lbs/foot 

Grams/liter 

1000 

Parts/million 

Kilometera 

3281 

Feet 




Kilometers 

10® 

Meters 

Hectares 

2.471 

Acres 

'Kilometers 

0.6214 

Miles 

Hectares 

1.076 X 105 

Square feet 

Kilometers 

1094 

Yards 

Horse-power 

42.44 

B. T. Units/min 

Kilometers/hr 

27.78 

Centimeters/sec 

Horse-power 

33,000 

Foot-lbs/min 

Kilometers/hr 

64.68 

Feet/min 

Horse-power 

550 

Foot-lbs/sec 

Kilometers/hr 

0.9113 

Feet/sec 

Horse-power 

1.014 

Horse-power 

Kilometers/hr 

0.5396 

Kmots 



(metric) 

Bolometers/hr 

16.67 

Meters/min 
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Table 6 — Continued 


Multiply 

By 

To Obtain 

Multiply 

■By 

To Obtain 

Kilometers/hr 

0,6214 

Miles/hr 

Minutes (angle) 

2.909 X 10"^ 

Radians 

Kilowatta 

56.92 

B. T. Units/min 

Ounces 

16 

Drams 

Kilowatts 

4.426 X 10< 

Foot-lbs/min 

Ounces 

437.5 

Grains 

Kilowatts 

737.6 

Foot-lbs/sec 

Ounces 

0.0625 

Pounds 

Kilowatts 

1.341 

Horse- power 

Ounces 

28.349527 

Grams 

Kilowatts 

14.34 

Kg-caIorie«/min 

Ounces 

0.9115 

Oimcffl (troy) 




Ounces 

2.790 X ir8 

Tons (long) 

Kilowatt-hours 

3415 

British Thermal 

Ounces 

2,835 X 10''® 

Tons (metric) 



Units 




Kilowatt-hours 

2.655 X 10« 

Foot-lbs 

Ounces, troy 

480 

Grains ■ 

Kilowatt-hours 

1.341 

Horse-power-hrs 

Ounces, troy 

20 

Pennyweights 

Kilowatt-hours 

860.5 

Kilogram-calories 



(troy) 

Kilowatt-hours 

3.671 X 108 

Kilogram-meters 

Ounces, troy 

0.08333 

Pouncb (troy) 




Ounces, troy 

31.103481 

Grams 

Liters 

0.03531 

Cubic feet 

Ounces, troy 

1.09714 

Ounc«, avoir 

Liters 

61.02 

Cubic inches 




Liters 

1.308 X 10-8 

Cubic yards 

Ounces (fluid) 

1,805 

Cubic inch*® 

Liters 

0.2642 

Gallons 

Ounces (fluid) 

0.02957 

Liters 

Liters 

2.113 

Pints (liq) 




Liters 

1.067 

Quarts (liq) 

Ounces/sq inch 

0.0626 

Lbs/sq inch 

Lumber Width (in.) 

Length (ft) 

Board Feet 

Parts/million 

0.0584 

Grains/U.S. gal 

X Thickness (in.) 



Parts/million 

0.07016 

Grains/Imp, gal 

12 



Parts/million 

8.346 

Lbs/million gal 

Meters 

3.281 

Feet 

Pennyweights (troy)24 

Grains 

Meters 

39.37 

Inches 

Pennyweights (troy)l. 55517 

Grams 

Meters 

1.094 

Yards 

Pennyweights (troy) 0.05 

Ounces (troy) 




Pennyweights (troy)4.1667 X 10”8 

Pounds (troy) 

Meters/sec 

196.8 

Feet/min 




Meters/sec 

3.281 

Feet/sec 

Pounds 

256 

Drams 

Meters/sec 

3.6 

Kilometers/hr 

Pounds 

7000 

Grains 

Meters/sec 

0.06 

Kilometers/min 




Meters/sec 

2.237 

Miles/hr 

Pounds 

453.5924 

Grams 

Meters/sec 

0.03728 

Miles/min 

Pounds 

1.21528 

Pounds (troy) 




Pounds 

14.5833 

Ounc^ (troy) 

Microns 

ir* 

Meters 







Pounds (troy) 

5760 

Grains 

Miles 

5280 

Feet 

Pounds (troy) 

240 

Pennyweights 

Miles 

1.609 

Kilometers 



(troy) 

Miles 

1760 

Yards 

Pounds (troy) 

12 

Ounces (troy) 




Pounds (troy) 

373.24177 

Grams 

Miles/hr 

44.70 

Centimeters/sec 

Pounds (troy) 

0.822867 

Pounds (avoir) 

Miles/hr 

88 

Feet/min 

Pounds (troy) 

13.1657 

Ounc^ (avoir) 

Miles/hr 

1.467 

Feet/seo 

Pounds (troy) 

3.6735 X ir* 

Tons (long) 

Miles/hr 

1.609 

Kilometers/hr 

Pounds (troy) 

4,1143 X 10“* 

Tons (short) 

Miles/hr 

0.8684 

Knots 

Pounds (troy) 

3.7324 X 10“< 

Tons (metric) 

Miles/hr 

26.82 

Meters/min 







Pounds of water 

0.01602 

Cubic feet 

Millimeters 

0.03937 

Inch^ 

Pounds of water 

27.68 

Cubic inches 




Pounds of water 

0.1198 

Gallons 

Milligrams/liter 

1 

Parts/million 







Pounds of water/ 2.670 X 10~8 

Cubic ft/sec 

Million gals/day 

1.54723 

Cubic ft/sec 

min 



Miner's inches 

1.5 

Cubic ft/min 

Pounds/cubic foot 0.01602 

Grams/cubic cm 
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Table ^Concluded 


Multiply 

By 

To Obtain 

Multiply 

By 

To Obtain 

Pounds/cubic foot 

16.02 

Kgs/cubic meter 

Square meters 

10.76 

Square feet 

Pounds/cubic foot 

5.787 X 10”* 

Lbs/cubic inch 

Square meters 

3.861 X 10-7 

Square miles 




Square meters 

1.196 

Square yards 

Pounda/foot 

1.488 

Kgs/meter 







Square miles 

640 

Acres 

Pounda/sq foot 

0.01602 

Feet of water 

Square miles 

27,88 X lOfl 

Square feet 

Pounds/sq foot 

4.883 

Kgs/sq meter 

Square mUes 

2.59Q 

Square kilometers 

Pounds/sq foot 

|6.946 X 10-* 

Pounds/sq inch 

Square miles 

3.098 X 10« 

Square yards 

Pounds/sq inch, 

0.06804 

Atmospheres 

Square millimeters 

1.550 X 10-3 

Square inches 

Pounds/sq inch 

2.307 

Feet of water 




Pounds/sq inch 

2.036 

Inches of mercury 

Square yards 

2.066 X 10-< 

Acres 

Pounds/sq inch 

703.1 

Kgs/sq meter 

Square yards 

0.8361 

Square meters 




Square yards 

3.228 X 10-7 

Square miles 

Quadrants (angle) 

;90 

Degrees 




Quadrants (angle) 

5400 

Minutes 

Temp (*C) + 273 

1 

Abs temp ('’C) 

Quadrants (angle) 

1 1.571 

Radians 

Temp (“O -f 17.78 

1.8 

Temp (°F) 


1 


Temp (“F) + 460 

1 

Abs temp (®F) 

Quarts (dry) 

67.20 

Cubic inches 

Temp (“F) — 32 

5/9 

Temp CO 

Quarts (liq) 

57.75 

Cubic inches 

Tons (long) 

1016 

Kilograms 




Tons (long) 

2240 

Pounds 

Quintal, Argentine 

101.28 

Pounds 

Tons (long) 

1.12000 

Tons (short) 

Quintal, Brazil 

129.54 

Pounds 




Quintal, Castile, 

101.43 

Pounds 

Tons (metric) 

10® 

Kilograms 

Peru 



Tons (metric) 

2205 

Pounds 

Quintal, Chile 

[101.41 

Pounds 




Quintal, Mexico 

101.47 

Pounds 

Tons (short) 

2000 

Pounds 

Quintal, Metric 

220.46 

Pounds 

Tons (short) 

32000 

Ounces 




Tons (short) 

907.18486 

Kilograms 

Square centimeters 

1.076 X 10-* 

Square feet 




Square centimeters 

0.1550 

Square inches 

Tons (short) 

2430.56 

Pounds (troy) 




Tons (short) 

0.89287 

Tons (long) 

Square feet 

2.296 X 10-s 

Acres 

Tons (short) 

29166.66 

Ounces (troy) 

Square feet 

929.0 

Square centime- 

Tons (short) 

0.90718 

Tons (metric) 



ters 




Square feet 

0.09290 

Square meters 

Tons of water/24 hrs 

83.333 

Pounds water/hr 

Square feet 

3.587 X 10-« 

Square miles 

Tons of water/24 hrs 

0.16643 

Gallons/min 




Tons of water/24 hrs 

1.3349 

Cu ft/hr 

1 

8.0208 

Overflow rate (ft/ 

Watts 

0.05692 

B. T, XTnits/min 

Sq ft/gal/rain 


hr) 

Watts 

44.26 

Foot-pounds/min 




Watts 

0.7376 

Foot-pounds /sec 

Square inches 

6.452 

Square centime- 

Watts 

1.341 X 10-3 

Horse-power 



ters 

Watts 

0.01434 

Kg-calories/rain 

Square inches 

6.944 X 10-* 

Square feet 




Square inches 

645.2 

Square millime- 

Watt-hours 

3.415 

British Thermal 



ters 



Units 




Watt-hours 

2655 

Foot-pounds 

Square kilometers 

247.1 

Acres 

Watt-hours 

1.341 X 10“3 

Horse-power-hrs 

Square kilometers 

10.76 X 10“ 

Square feet 

Watt-hours 

0.8605 

Kilogram-calories 

Square kilometers 

0.3861 

Square miles 

Watt-hours 

3671 

Kilogram-meters 

Square kilometers 

1.198 X 10» 

Square yards 







Yards 

91.44 

Centimeters 

Square meters 

2.471 X 10”* 

Acres 

Yards 

0.9144 

Meters 
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Table 7. Suleubic Acid Conversion Tables 
Allowance for Temperature 
At 10“B4 0.029°B4 or 0.00023 Sp. Gr. TF 
At 20''B« O.OaO'B^ or 0.00034 Sp. Gr. 1“F 
At 30°B4 0.035°B^ or 0.00039 Sp. Gr. l^F 
At 40°B4 0.031°B4 or 0.00041 Sp. Gr. 1°F 
At 50°B4 0.028‘‘B4 or 0.00045 Sp. Gr. l-F 
At 60°B4 0.026°B4 or 0.00053 Sp. Gr. 1°F 
At ee^B^ 0.024°B4 or 0.00064 Sp. Gr. l^F 


at 

60 ®F 

Sp. Gr. 

Wt. Lb per 
Cu Ft 

Wt. Lb/Gal ; 

% nsOi 

% 66 * Acid 

Equiv. Lb 
66* Acid 
per Cu Ft 

Equiv, Lb 
66* Acid 
per Gal 

0.0 

1.0000 

62.37 

8.338 

0.00 

0.00 

0.00 

0.000 

1.0 

1.0069 ; 

62.80 

8.395 

1.02 

1.09 

0.68 

1 .091 

2.0 

1.0140 

63.24 

8,455 

2.08 

2.23 

1.41 

.189 

3.0 

1.0211 

63.69 

8.515 

3.13 

3.36 

2.14 

: ,m 

4.0 

1,0284 

64.14 

8.575 

4.21 

4.52 

2.90 

.388 

5.0 

1.0357 

64.60 

8.636 

5.28 

5.67 

3.66 

I .489 

6.0 

1.0432 

65.06 

8.697 

6.37 

6.84 

4.45 

.595 

7,0 

1.0507 

65.53 

8.734 

7.45 

7.99 

5.24 

.701 

8.0 

1.0584 

66.01 

8.825 

8.55 

9.17 

6.06 

.810 

9.0 

1.0662 

66.50 

8.890 

9.66 

10.37 

6.89 

.921 

10.0 

1.0741 

66.99 

8.956 1 

10.77 

11.56 

7.74 

1.035 

11.0 

1.0821 

67.49 

9.023 

11.89 

12.76 

8.61 

1.151 

12.0 

1.0902 

68.00 

9.091 

13.01 

13.96 

9.49 

1.269 

13.0 

1.0985 

68.51 

9.159 

14.13 

15.16 

10.39 

1.389 

14.0 

1.1069 

69.04 

9.230 

15.25 

16.36 

11.30 

1.511 

15.0 

1.1154 

69.57 

9.300 

16.38 

17.58 

12.23 

1.635 

16.0 

1.1240 

70.10 

9.372 

17.53 

18.81 

13.19 

1.763 

17.0 

1.1328 

70.65 

9.445 

18.71 

20.08 

14.18 

1.896 

18.0 

1.1417 

71.21 

9.520 

19.89 

21.34 

15.20 

2.032 

19.0 

1.1508 

71.78 

9.596 

21.07 

22.61 

16.23 

2.170 

20.0 

1.1600 

72.35 

9.661 

22.25 

23.87 

17.26 

2.306 

20.5 

1.1647 

72.64 

9.700 

22.84 

24.50 

17.80 

2.377 

21.0 

1.1694 

72.93 

9.739 

23.43 

25.14 

18.33 

2.448 

21.5 

1.1741 

73.23 

9.779 

24.02 

25.77 

18.88 

i 2,521 

22.0 

1.1798 

73,53 

9.818 

24.61 

26.41 

19.42 

1 2.593 

22.5 

1.1836 

73,83 

9.858 

25.21 

27.05 

19.97 

1 2.667 

23.0 

1.1885 

74.13 

9.898 

25.81 

27,69 

20.52 

1 2.741 

23.5 

1.1934 

74.43 

9.939 

26.42 

28.34 

21.09 

2.817 

24.0 

1.1983 

74.73 

9.980 

27.03 

29.00 

21,67 

2.894 

24.5 

1.2033 

75.05 

10.021 

27.65 

29.67 

22,27 

2.974 

25.0 

1.2083 

75.36 

10.063 

28.28 

30.34 

22.86 

3.053 

25.5 

1.2134 

75.67 

10.105 

28.90 

31.01 

23.47 

3.135 

26.0 

1,2185 

75.99 

1 10.148 

29.53 

31.69 

24.08 

3.216 

26.5 

1.2236 

76.31 

i 10.191 

30.16 

32.36 

24.70 

3.299 

27.0 

! 1.2288 

76.64 

1 10,234 

30.79 

33.04 

25.32 

3.381 

27.5 

1.2340 

76.96 

10.277 

31.42 

33.71 

25.95 

3.465 

28.0 

1 1.2393 

77.29 

10.321 

32.05 

34.39 

26.58 

3.549 
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Table 7 — Continued 


at 60“ 

Sp. Gr. 

Wt. Lb per 
Cu Ft 

Wt. Lb/Gal 

% H2SO4 

% 66“ Acid 

Equiv. Lb 
66“ Acid 
per Cu Ft 

Equiv. Lb 
66“ Acid 
per Gal 

28.5 

1.2446 

77.63 

10.366 

32.69 

35.07 

27.23 

3.636 

29.0 

1.2500 

77.96 

10.410 

33.33 

35.76 

27.88 

3.723 

29.5 

1.2554 

78.30 

10.456 

33.98 

36.46 

28.55 

3.812 

30.0 

1.2609 

78.64 

10.501 

34.63 

37.16 

29.22 

3.902 

30.5 

1.2664 

78.99 

10.547 

35.28 

37.85 

29.90 

3.993 

31.0 

1.2719 

79.33 

10.593 

35.93 

38.55 

30.58 

4.083 

31.5 

1.2775 

79.68 

10.640 

36.59 

39.26 

31.29 

4.178 

32.0 

1.2832 

80.03 

10.687 

37.26 

39.98 

32.00 

4.273 

32.5 

1.2889 

80.38 

10.734 

37.92 

40.69 

32.71 

4.368 

33.0 

1.2946 

80.74 

10.782 

38.58 

41.40 

33.43 

4.464 

33.5 

1.3004 

81.10 

10.830 

39.25 

42.11 

34.14 

4.562 

34.0 

1.3063 

81.47 

10.879 

39-92 

42.83 

34.89 

4.660 

34.5 

1.3122 

. 81.84 

10.929 

40.59 

43.55 

35.64 

4.760 

35.0 

1.3182 

82.21 

10,978 

41.27 

44.28 

36.40 

4.861 

35.5 

1.3242 

82.59 

11.029 

41.95 

45.01 

37.17 

4.964 

36.0 

1.3303 

82,97 

11.079 

42.63 

45.74 

37.95 

5.067 

36.5 1 

1,3364 

83.35 

11.130 

43.31 

46.47 

38.74 

5.172 

37.0 1 

1.3426 

83.73 

11.181 

. 43.99 

j 47.20 

39.52 

5.278 

37.5 

1.3488 

84.11 

11.233 

44.67 

47.93 

40.32 

5.385 

38.0 

1.3551 

84.52 

11.286 

45.35 

48.66 

41.13 

5.492 

38.5 

1.3615 

84.91 

11.339 

46.03 

49.39 

41.95 

5.601 

39.0 

1.3679 

85.31 

11.392 

46.72 

50.13 

42.77 

5.711 

39.5 

1.3744 

85.72 

11.447 

47.41 

50.87 

43.61 

5.823 

40.0 

1.3810 

86.13 

11.501 

48.10 

51.61 

44.45 

5.936 

40.5 

1.3876 

86,54 

11 .556 

48.78 

52.34 

45.30 

6.050 

41.0 

1.3942 

86.96 

11.611 

49.47 

53.08 

46.16 

6.163 

41.5 

1.4010 

87.38 

11.668 

50.17 

53.83 

47.04 

6.281 

42.0 

1.4078 

87.80 

11.724 

50.87 

54.58 

47.92 

6.399 

42.5 

1.4146 

88.24 

11.782 

51.56 

55.32 

48.82 

6.519 

43.0 

1.4216 

88.67 

11.839 

52.26 

56.07 

49.72 

6.638 

43.5 

1.4286 

89.11 

11-898 

52.96 

56.82 

50.64 

6.761 

44.0 

1.4356 

89.54 

11 .956 

53.66 

57.58 

51.56 

6.884 

44.5 

1.4428 

89.99 

12.016 

54.36 

58.33 

52.49 

7.010 

45.0 

1.4500 

90.44 

12.076 

55.07 

59.09 

53.42 

7.136 

45.5 

1.4573 

90.89 

12.137 

55.77 

59.84 

54.39 

7.264 

46.0 

1.4646 

91.35 

12.198 

56.48 

60.60 

55.36 

7.392 

46.5 

1.4721 

91.81 

12.260 

57-19 

61.36 

56.35 

7.524 

47.0 

1.4796 

92.28 

12.322 

1 57.90 

62.13 

57.33 

7.656 

47.5 

1.4872 

92.75 

12.386 

58.61 

62.89 

58.33 

7.790 

48.0 

1.4948 

93.23 

12.449 

59.32 

63.65 

59.34 

7:924 

48.5 

1.5026 

93.72 

12.514 

60.03 

64.41 

60.37 

8.061 

49.0 

1.5104 

94.20 

12.579 

60.75 

65.18 

61.40 

8.199 

49.5 

1.5183 

94.70 

12.645 

61.46 

65.95 

62.46 

8.340 

50.0 

1.5263 

95.20 

12.711 

62.18 

66.72 

63.52 

8.481 

50.5 

1.5344 

95 70 

12.779 

62.92 

67.51 

64.62 

8.628 
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Table 7 — Cmiinmd 


B4 at 60 * 

Sp. Gr. 

Wt. Lb per 
CuFt 

Wt. Lb/Gal 

%H,S 04 

% Acid 

1 

Equiv. Lb 
Acid 
per Cii Ft 

Eqiiiv. Lb 
fid’Acid 
:per Gal 

Sl.O 

1.5426 

96.21 

12.847 

63.66 

68.31 

65.72 

8.776 

51.5 

1.6508 

96.72 

12.916 

64.39 

69.10 

66.84.' 

8.925 , 

52.0 

1.5591 

97.24 

12.985 

65.13 

69.89 

67.96 

9.075 

52.5 

1.5676 

97.76 

13.055 

65.88 1 

70.69 

69.12 

9.^ 

53.0 

1.5761 

98.30 

13.126 

66.63 

71.50 

70'. 28 

9.385 

53.5 

1.5847 

98.84 

13.198 

67.38 

72.30 

71.47 

9.544 

54.0 i 

1.5934 

99.38 1 

13.271 

68.13 I 

73.11 

72.66 

9.702 

54.5 i 

1.6022 

99.93 

13.344 

68.89 i 

73:92 

73.88 

9.865 

55.0 1 

1.6111 

100.48 

13.418 

69.65 

74.74 

75.10 

10.028 

55.5 

1.6201 

101.04 

13.493 

70.41 

75.55 

76.35 

10.195 

56.0 

1.6292 

101.61 

13.568 

71.17 

76.37 

1 77 M : 

10.362 

56.5 

1.6384 

102.18 

13.645 

71.96 

77.23 

78.90 

10.538 

57.0 

1.6477 

102.76 

13.722 

72.75 

78.07 

80.22 

10.713 

57.5 

1.6571 

103.36 

13.802 

73.55 

78.93 

81.58 

10.894 

58,0 

1.6667 

103.95 

13.881 

74.36 

79.79 

82.94 

11.075 

58.5 

1.6763 

104.55 

13.961 

75.17 

80.66 

84.34 

11.262 

59.0 

1.6860 

105.16 

14.041 

75.99 

81.54 

85.75 

11.449 

59.5 

1.6959 

105.78 

14.124 

76.83 

82.44 

87.21 

11.645 

60.0 

1.7059 

106.40 

14.207 

77.67 

! 83.35 

88.68 

11.842 

60.5 

1.7160 

107.03 

14.292 

78.55 

! 84.29 

90.22 

12.047 

61.0 

^ 1.7262 

107.66 

14.376 

79.43 

85.23 

91.76 

12.253 

61.5 

1.7365 

108.31 

14.463 

j 80.36 

86.23 

93.41 

12.473 

62.0 

1.7470 

108.96 

14.549 

! 81.30 

87.24 

95.06 

12.693 

62.5 

1.7576 

109.62 

14.638 

1 82.32 

88.33 

96.84 

12.932 

63.0 

1.7683 

110.28 

14.727 

83.34 

89.43 

98.62 

13,170 

63.5 

1.7791 

110.97 

14.818 

84.50 

90.67 

100.62 

13,437 

64.0 

1.7901 

111.65 

14.908 

85.66 

91.92 

102.63 

13.704 

64,5 

1,8012 

112.35 

15.002 

87.15 

93.52 

105.08 

14.032 

65.0 

1.8125 

113.05 

15.095 

88.65 

95-13 

107.54 

14.360 

65.5 

1.8239 

113.76 

15.190 

1 90.92 

97.56 

111.00 

14.823 

66.0 

1.8354 

114,47 

15.286 

i 93.19 

1 100.00 

i 114.47 

15.286 
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Table 8. Phosphobic Acid Convebsion Pactoes 
Phosphoric Acid at 17.5°C 


Sp* Or. 

B6 


%H.F04 

Sp. Gr. 

B4 

% PsO s 

HaPOi 

1.017 

2.3 

2.5 

3.44 

1.223 

26.2 

25.5 

35.13 

1.021 

2.9 

3.0 

4.13 


26.7 

26.0 

36.82 

1.026 

3.4 

3.5 

4.82 


27.2 

26.5 

36.60 

1.029 


4.0 

5.51 

mSSm 

27.8 

27.0 

37.19 

1.033 

4.5 

4.5 

6.20 

mSSt 

28.3 

27.5 

37.88 

1.037 


6.0 

6.89 

BE9 

28.7 

28.0 

38.57 

1.041 

5.5 

5.5 

7.57 


29.3 

28.5 

39.26 

1.045 

6.0 

6.0 

8.26 

1.260 

29.7 

29.0 

39.95 

1.049 

6.6 

6.5 

8.96 

1.266 

30.2 

29.5 

40.64 

1.063 

7.2 

7.0 

9.64 

1.271 

30.7 

30.0 

41.33 

1.068 

7.8 

7.5 


1.276 

31.2 

30,5 

42.01 

1.062 

8.3 

8.0 


1.281 

31.6 

31.0 

42.70 

1.066 

8.8 

8.5 

11.71 

1.287 

32.2 

31.5 

43.39 

1.070 

9.4 

9,0 


1.292 

32.6 

32.0 

44.08 

1.074 

9.9 

9.5 


1.298 

33.1 

32.5 

44.77 

1.079 

10.5 


13.77 

1.303 

33,6 

33.0 

45.46 

1.083 

11.0 

■ ilM 

14.46 

1.308 

34.0 

33.5 

46.15 

1.087 

11.6 

11.0 

15.15 

1.314 

34.5 

34.0 

46.84 

1.091 

12.0 

11.5 

15.84 

1.319 

34.9 

34.5 

47.52 

1.096 

12.6 

12.0 

16,53 

1.326 

35.4 

35.0 

48.21 

1.100 

13.0 

12.5 

17.22 

1.330 

35.8 

35.5 

48.90 

1.104 

13.5 

13.0 

17.91 

1.336 

36.3 

36.0 

49.59 

1.109 

14.1 

13.5 


1.342 

1 36.8 

36.6 

60.28 

1.113 

14.7 

14.0 

19.28 

1.348 

37.2 

37.0 

50.97 

1.118 

15.2 

14,6 

19.97 

1.364 

37.7 

37.5 

51.66 

1.122 

15.6 

16.0 


1.369 

38.1 

38.0 

62.35 

1.126 

16.1 

15.5 

21.35 

1.366 

38.6 

38.5 

53.04 

1.130 

16.5 

16.0 


1.371 

39.1 

39.0 

53.72 

1.135 

17.1 

16.5 

22.73 

1.377 

39.6 

39.5 

64.41 

1.140 

17.7 

17.0 

23,42 

1.383 

39.9 

40.0 

55.10 

1.145 

18.3 

17.5 

24.11 

1.389 

40.4 

40.5 

55.79 

1.160 

18.8 

18.0 


1.396 

40.9 

41.0 

66.48 

1.155 

19.3 

18.6 

25.48 

1.402 ' 

41.4 

41,6 

57.17 

1.169 

19.7 

19.0 

26.17 

1.409 

41.9 

42.0 

57.86 

1.164 

20.2 

19.5 

26,86 

1.415 

42.3 

42.6 

58.55 

1.169 

20.8 


27,55 

1.422 

42.9 

43.0 

59.23 

1.174 

21.3 


28.24 

1.428 

43.3 

43.5 

69.92 

1.178 

21.8 

21.0 

28.93 

1.435 

43.8 

44.0 

60.61 

1.183 

22.3 

21.5 

29.62 

1.441 

44.2 

44.6 

61.30 

1.188 

22.8 

22.0 

mSm 

1.448 

44.6 

45.0 

61.99 

1.193 

23.3 

22.5 


1.455 

45.1 

45.6 

62.68 

1.198 

23.8 

23.0 

31.68 

1.462 

45.6 

46.0 

63.37 

1.203 

24,3 

23.5 

32.37 

1.469 

46.0 

46.6 

64.06 

1.208 

24.8 

24.0 


1.476 

46.6 

47.0 

64.75 

1.213 

25.3 

24.5 

33.75 

1.484 

47.0 

47.5 

65.43 

1.218 

25.8 

25.0 

34.44 

1.491 

47.5 

48.0 

66.12 
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Table B—Cmclitded 


Sp. Gr. 

BS 

%PiO, 

H*K>4 

Sp. Gr. 

M 


HiHk 

1.498 

47.9 

48.5 

66.81 

1.653 

57.0. 

58.5 

80.69 

1.505 

48.4 

49.0 

67.50 

1.661 

57.5 

59.0 

81.^ 

1.513 

48.8 

49.5 

68.19 

1.669 

57.8 

59.5 

81.97 

1.521 

49.5 

50.0 

68.88 

1.677 

58.4 

60.0 

82.65 

1.528 

49.8 

50.5 

69.57 

1.685 

58.7 

00.5 

83.34 

1.536 

50.4 

51.0 

70.26 

1.693 

59.0 

61.0 

84.03 . 

1.543 

50.7 

51.5 

70.94 

1.701 

59.5 

61.5 

84.72 

1.551 

51.3 

52.0 

71.63 

1.709 

59.9 

62.0 

85.41 

1.559 

51.7 

52.5 

72.32 

1,717 

60.3 

62.5 

86.10 

1.566 

52.2 

53.0 

73.01 

1.725 

60.6 

63.0 

M.79 

1.574 

52.6 

53.5 

73.70 

1.733 

61.0 

63.5 

87.48 

1,581 

53.1 

54.0 

74.39 

1.741 

61.5 

64.0 

88.16 

1.589 

53.5 

54.5 

75.08 

1.750 

61.8 

64.5 

88.85 

1.597 

54.0 

55.0 

75.77 

1.758 

62.1 

65.0 

89.54 

1.605 

54.4 

55.5 

76.45 

1.766 

62.6 

65.5 

90,23 

1.613 

54.8 

56.0 

77.14 

1.775 

63.0 

66.0 

90.92 

1.621 

55.3 

56.5 

77.83 

1.783 

63.4 

66.5 

91.61 

1.629 

55.7 

57.0 

78.52 

1.792 

63.9 

67.0 

92.30 

1.637 

56.2 

1 57.5 

79.21 

1,800 

64.2 

67.5 

92.99 

1.645 

56.6 

58,0 

79.90 

1.809 

64.5 

68.0 

93.67 
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Table 9. Niteic Acid Convbbsion Tables 
Allowance for Temperature 
At 10 to 20°B6— 1/30°B4 or 0.00029 Sp. Gr. = 1°F 

At 20 to 30°B6— 1/23‘'B4 or 0.00044 Sp. Gr. = I'F 

At 30 to 40°B4— 1/20°B4 or 0.00060 Sp. Gr. = 1°F 

At 40 to 48.5°B6— 1/17°B4 or 0.00084 Sp. Gr. = 1°F 



Sp. Gr. 60760*F 

%HNOj 

“B6 

Sp. Gr. eoveo^F 

HNOs 

10.00 

1.0741 

12.86 

20.00 

1.1600 

26.24 

10.25 

1,0761 

13.18 

20.25 

1.1624 

26.61 

10.50 

1.0781 

13.49 

20.50 

1.1647 

26.96 

10.75 

1.0801 

13.81 

20.75 

1.1671 

27.33 

11.00 

1.0821 

14.13 

21.00 

1.1694 

27.67 

11.25 

1.0841 

14.44 

21.25 

1.1718 

28.02 

11.50 

1.0861 

14.76 

21.50 

1.1741 

28.36 

11.75 

1.0881 

15.07 

21.75 

1.1765 

28.72 

12.00 

1.0902 

15.41 

22.00 

1.1789 

29.07 

12.25 

1.0922 

15.72 

22.25 

1.1813 

29,43 

12.50 

1.0943 

16.05 

22.50 

1.1837 

29.78 

12.75 

1.0964 

16.39 

22.75 

1.1861 

30.14 

13.00 

1.0985 

16.72 

23.00 

1.1885 

30,49 

13.25 

1.1006 

17.05 

23.25 

1 1.1910 

I 30.86 

13.50 

1.1027 

17.38 

23.50 

! 1.1934 

31.21 

13.75 

1.1048 

17.71 

23.75 

1.1959 

31.58 

14.00 

1.1069 

18.04 

24.00 

1.1983 

' 31.94 

14.25 

1.1090 

18.37 

24.25 

1.2008 

32.31 

14.50 

1.1111 

18.70 

24.50 

1.2033 

32.68 

14.75 • 

1.1132 

19.02 

24.75 

1.2058 

33.05 

15.00 

1.1154 

19.36 

25.00 

1.2083 

33.42 

15.25 

1.1176 

19.70 

25.25 

1.2109 

33.80 

15.50 

1.1197 

20.02 

25.50 

1.2134 

34.17 

15.75 

1.1219 

20.36 

25.75 

1.2160 

34.56 

16.00 

1.1240 

20.69 

26.00 

! 1.2185 

1 34.94 

16.25 

1.1262 

21.03 

26.25 

1.2211 

35.33 

16.50 

1.1284 

21.36 

26.50 

I 1.2236 

1 35.70 

16.75 

1.1306 

21.70 

26.75 

1.2262 

1 36.09 

17.00 

1.1328 

22.04 

27.00 

1.2288 

36.48 

17.25 

1.1350 

22.38 

27.25 

1.2314 

36.87 

17.50 

1.1373 

22.74 

27.50 

1.2340 

37.26 

17.75 

1.1395 

23.08 . 

27.75 

1.2367 

37.67 

18.00 

1.1417 

23.42 

28.00 

1.2393 

38.06 

18.25 

1.1440 

23.77 

28.25 

1.2420 

38.46 

18.50 

1.1462 

24.11 

28.50 

1.2446 

38.85 

18.75 1 

1.1485 

24.47 

28.75 

1.2473 

39.25 

19.00 

1.1508 

24.82 

29.00 

1.2500 

39.66 

19.25 

1.1531 

25.18 

29.25 

1.2527 

40.06 

19.50 

1.1554 

25.53 

29.50 

1.2554 

40.47 

19.75 

1.1577 

25.88 

29.75 

1.2582 

40.89 
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Table 9 — Concluded 


’Be 

Sp. Gr. 60760’F 

%HNOa 

30. ( X ) 

1.2609 

41.30 

30.25 

1,2637 

41.72 

30.50 

1.2664 

42.14 

30.75 

1.2692 

42.58 

31.00 

1.2719 

43.00 

31.25 

1.2747 

43.44 

31.50 

1.2775 

43.89 

31.75 

1.2804 

44.34 

32.00 

1,2832 

44.78 

32.25 

1.2861 

45.24 

32.50 

1.2889 

45.68 

32.75 

1.2918 

46.14 

33.00 

1.2946 

46.58 

33.25 

1.2975 

47.04 

33.50 

1.3004 

47.49 

33.75 

1.3034 

47.95 

34.00 

1.3063 

48.42 

34.25 

1.3093 

48.90 

34.50 

1.3122 

49.35 

34.75 

1.3152 i 

49.83 

35.00 

1.3182 

50.32 

35.25 

1.3212 

50.81 

35.50 

1 .3242 

51.30 

35.75 

1.3273 

51.80 

36.00 

1.3303 

52.30 

36.25 

1.3334 

52.81 

36.50 

1.3364 

53.32 

36.75 

1.3395 

53.84 

37.00 

1.3426 

54.36 

37.25 

1.3457 

54.89 

37.50 

1.3488 

55.43 

37.75 

1.3520 

55.97 

38.00 

1.3551 

56.52 

38,25 

1.3583 

57.08 

38.50 

1.3615 

57.65 

38,75 

1.3647 

58.23 

39.00 

1.3679 

58.82 

39.25 

1.3712 

59,43 


’B4 

Sp. Gr. «7WF 

% HNOt 

39.50 

1.3744 

60.06 

39.75 

1.3777 

60.71 

40.00 

1.3810 

61 .38 

40.25 

1.3843 

62.07 

40.50 

1.3876 

62.77 

40.75 

i.zm 

63.48 

41.00 

1.3942 

64. , 

41.25 

1.3976 

64.93 

41.50 

1.4010 

65.67 

41.75 

1.4044 

66.42 ' 

42.00 

1.4078 

67.18 

42.25 

1.4112 

67.95' 

42.50 

1.4146 

68.73 

42.75 

1.4181 

69.52 

43.00 

1.4216 

70.33 

43.25 

1.4251 

71.16 

43,50 

1 .4286 

71.98 

43.75 

1 .4321 

72.82 

44.00 

1.4356 

73.67 

44.25 

1.4392 

74.53 

44.50 

1.4428 

75.40 

44.75 

1.4464 

76.28 

45.00 

1.4500 

77.17 

45.25 

1.4536 

78.07 

45.50 

1.4573 

79.03 

45.75 

1.4610 

8 Q .04 

46.00 

1.4646 

81.08 

46.25 

1 .4684 

82.18 

46,50 

1.4721 

83.33 

46.75 

1.4758 

84.48 

47.00 

1.4796 

85.70 

47.25 

1.4834 

86.98 

47.50 

1.4872 

88.32 

47.75 

1.4910 

89.76 

48.00 

1.4948 

91.35 

48.25 

1.4987 

93.13 

48.50 

1.5026 

95.11 
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Tabijb 10. Htdboohiobic Acid Convebsion Tables 
Allowance for Temperature 
At 10 to 15°BA-1/40‘’B^ or 0.0002 Sp. Gr. = rr 
At 16 to 22°B6— 1/30,°B6 or 0.0003 Sp. Gr. = l°r 
At 22 to 25°BA-1/28°B^ or 0.00036 Sp. Gr. = IT 



Sp. Gr. 60VWF 

%HC1 

“B6 

Sp. Gr. 60760°F 

%HC1 

1.00 

1.0069 

1.40 

14.25 

1.1090 

21.68 

2.00 

1.0140 

2.82 

14.50 

1.1111 

22.09 

3.00 

1.0211 

4.25 

14.75 

1.1132 

22.50 

4.00 

1.0284 

5.69 

15.00 

1.1154 

22.92 

5.00 

1.0357 

7.15 

15.25 

1.1176 

23.33 

5.25 

1.0375 

7.52 

15.50 

1.1197 

23.75 

5.50 

1.0394 

7.89 

15.75 

1.1219 

24.16 

5.75 

1.0413 

8.26 

16.0 

1.1240 

24.57 

6.00 

1.0432 

8.64 

16.1 

1.1248 

24.73 

6.25 

1.0450 

9.02 

16.2 

1.1256 

24.90 

6.50 

1.0469 

9.40 

16.3 

1.1265 

25.06 

6.75 

1.0488 

9.78 

16.4 

1.1274 

25.23 

7.00 

1.0507 

10.17 

16.5 

1.1283 

25.39 

7.26 

1.0526 

10.55 

16.6 

1.1292 

25.56 

7.50 

1.0545 

10.94 

16.7 

1.1301 

25.72 

7.75 

1.0564 

11.32 

16.8 

1.1310 

25.89 

8.00 

1.0584 

11.71 

16.9 

1.1319 

26.05 

8.25 

1.0603 

12.09 

17.0 

1.1328 

26.22 

8.50 

1.0623 

12.48 

17.1 

1.1336 

26.39 

8.75 

1.0642 

12.87 

17.2 

1.1345 

26.56 

9.00 

1.0662 

13.26 

17.3 

1.1354 

26.73 

9.25 

1.0681 

13.65 

17.4 

1.1363 

26.90 

9.50 

1.0701 

14.04 

17.5 

1.1372 

27.07 

9.75 

1.0721 

14.43 

17.6 

1.1381 

27.24 

10.00 

1.0741 

14.83 

17.7 

1.1390 

27.41 

10.25 

1.0761 

15.22 

17.8 

1.1399 

27.58 

10.50 

1.0781 

15.62 

17.9 

1.1408 

27.75 

10.75 

1.0801 

16.01 

18.0 

1.1417 

27.92 

11.00 

1.0821 

16.41 

18.1 

1.1426 

28.09 

11.25 

1.0841 

16.81 

18.2 

1.1435 

28.26 

11.50 

1.0861 

17.21 

18.3 

1.1444 

28.44 

11.75 

1.0881 

17.61 

18.4 

1.1453 

28.61 

12.00 

1.0902 

18.01 

18.5 

1.1462 

28.78 

12.25 

1.0922 

18.41 

18.6 

1.1471 

28.95 

12.50 

1.0943 

18.82 

18.7 

1.1480 

29.13 

12.75 i 

1.0964 

19.22 

18.8 

1 1.1489 

29.30 

13.00 

1.0985 

19.63 

18.9 

1 1.1498 

29.48 

13.25 

1.1006 

20.04 

19.0 

1.1508 

29.65 

13.50 

1.1027 

20.45 

19.1 

1.1517 

29.83 

13.75 

1.1048 

20.86 

19.2 

1.1526 

30.00 

14.00 

1.1069 

21.27 

19.3 

1.1535 

30.18 
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Table lO—Conclwhd 


•B. 

Sp. Gr. <S0760*F 

%HCI 


Sp. Gr. 


19.4 

1.1544 

30.35 

22.5 

1.1836 

36.16 

19.5 

1.1654 

30.53 

22.6 

1.1846 

36.35 

19.6 

1.1563 

30.71 

22.7 

1.1856 

36.54 

19.7 

1.1572 

30.90 

22.8 

1.1866 

36.73 

19.8 

1.1581 

1 31.08 

22.9 

^ 1.1875 

36.93 

19.9 

1.1590 

! 31.27 

23.0 

1.1885 

37.14 

20.0 

1.1600 

31.45 

23.1 

1.1895 

37.36 

20.1 

1.1609 

31.64 

23.2 

1.1904 

37.58 

20.2 

1.1619 

31.82 

23.3 

1.1914 

37.80 

20.3 

1.1628 

32.01 

23.4 

1.1^ 

38,03 

20.4 

1.1637 

32.19 

23.5 

1.1934 

38.^ 

20.5 

1.1647 

32.38 

23.6 

1.1944 

38,49 

20.6 

1.1656 

32.56 

23.7 

1.1953 

38.72 

20.7 

1.1666 

32.75 

23.8 

1.1963 

38.95 

20.8 

1.1675 

32.93 

23.9 

1.1973 

39.18 

20.9 

1.1684 

33.12 

24.0 

1.1983 

39.41 

21.0 

1.1694 i 

33.31 

24.1 

1.1993 

39.64 

21.1 

1.1703 

33.50 

24.2 

1.2003 

39.86 

21.2 

1.1713 

33.69 

24,3 

1.2013 

40.09 

21.3 

1.1722 

33.88 

24.4 

1.2023 

40.32 

21.4 

1.1732 

34.07 

24.5 

1.2033 

40.55 

21.5 

1.1741 

34.26 

24.6 

1.2043 

40.78 

21.6 

1.1751 

34.45 

24.7 

1.2053 

41.01 

21.7 

1.1760 

34.64 

24.8 

1.2063 

41.24 

21.8 

1.1770 

34.83 

24.9 

1.2073 

41.48 

21.9 

1.1779 

35.02 

25.0 

1.2083 

41,72 

22.0 

1.1789 

35.21 

25.1 

1.2093 

41,99 

22.1 

1.1798 

35.40 

25.2 

1.2103 

42.30 

22,2 

1.1808 

35.59 

25.3 

1.2114 

42.64 

22.3 

1.1817 

35.78 

25.4 

1.2124 

43.01 

22.4 

1.1827 

35.97 

25.5 

1.2134 

43.40 


Analysis of Phospliates 

A. Guide for Prospectors 

Place a small crystal of ammonium molybdate (about § the size of a pea) on the 
surface of rock to be tested. Add a few drops of dilute nitric acid (10 per cent solution) . 
If appreciable quantities of phosphate are present, the crystal and that portion of 
the rock immediately adjacent thereto will soon be covered with a bright yellow 
precipitate of ammonium phosphomolybdate. A faint yellow color indicates the 
presence of very little phosphate and heavy effervescence shows the rock is high in 
carbonate of lime. 

B. Qualitative Test 

If the above test indicates that the rock is phosphatic, finely grind a small quan- 
tity, and place about 1 g in a 100 cc flask or beaker. Add 25 cc of concentrated nitric 
acid and boil till red fumes cease to be evolved, filter, wash residue once or twice 
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with hot water and make up filtrate to approximately 250 cc. Take 25 cc of filtrate, 
neutralize with ammonia, add a few drops of nitric acid, and then 50 cc of ammonium 
molybdate solution and stir. A copious yellow precipitate shows the presence of 
sufficient phosphate to warrant a quantitative analysis of the rock. 

OFFICIAL METHODS FOR DETERMINATION OF PHOSPHATES* AND 
PHOSPHATIC FERTILIZERS 

Total Phosphoric Acid 

2.7 Gravimetric Method 
Reagent: 

(a) Molybdate Solution, Dissolve 100 g of M0O3 in a mixture of 144 ml of NH4OH 
and 271 ml of H2O. Cool, and pour solution slowly and with constant stirring into a 
cool mixture of 489 ml of HNO3 and 1148 ml of H2O. Keep final mixture in a warm 
place for several days or until portion heated to 40° deposits no yellow precipitate 
of NH4 phosphomolybdate. Decant solution from any sediment and preserve in 
glass-stoppered vessels. 

(b) Ammonium Nitrate Solution, Dissolve 100 g of phosphate-free NH4NO3 in H2O 
and dilute to 1 liter. 

(c) Magnesia Mixture, (1) Dissolve 11 g of MgO in HCl (1+4), avoiding an excess 
of the acid, add a little MgO in excess, boil a f^w minutes to precipitate Fe, Al, and 
P2O5, and filter. To filtrate add 140 g of NH4CI and 130.5 ml of NH4OH and dilute 
to 1 liter. Or, (2) dissolve 55 g of crystallized MgCl2-6H20 in H2O, add 140 g of NH4CI 
and 130.5 ml of NH4OH, and dilute to 1 liter. Or, (3) dissolve 55 g of crystallized 
MgCL'fiHaO in H2O, and 140 g of NH4CI, and dilute to 870 ml. Add NH4OH to each 
required portion of solution just before using, at rate of 15 ml per 100 ml of solution. 

(d) Ammonium Hydroxide Solution for Washing. (1 + 9) Should contain not less 
than 2,5 per cent of NHj by weight. 

(e) Magnesium Nitrate Solution. Dissolve 150 g of MgO in HNO3 (1 + 1), avoiding 
an excess acid, add a little MgO in excess, boil, filter from excess of MgO, Fe203 
etc., and dilute to 1 liter. 

2.8 Preparation of Solution 

Treat 2 g of sample by one of methods given below, cool solution, dilute to 200 ml, 
mix, and pour on dry filter. 

(a) Dissolve in 30 ml of HNO3, and 3 to 5 ml of HCl and boil until organic matter 
is destroyed. (Suitable for materials containing small quantity of organic matter.) 

(b) Dissolve in 15 to 30 ml of HCl and 3 to 10 ml of HNO3. (Recommended for 
fertilizers containing much Fe or Al phosphate and for basic slag.) 

(c) Evaporate with 5 ml of the Mg(N03)2 solution, ignite, and dissolve in HCl. 
(Suitable for organic material like cottonseed meal alone or in mixtures.) 

(d) Boil with 20 to 30 ml of H2SO4 in 200-ml flask, adding 2 to 4 g of NaNOs or 
KNO9 at beginning of digestion and small quantity after solution has become nearly 
colorless, or adding the nitrate in small portions from time to time. When solution 
is colorless, add 150 ml of H2O and boil for a few minutes. (Generally applicable to 
materials or mixtures containing large quantities of organic matter. With cottonseed 
meals and materials of like nature it is best to add first ±5 ml of HNO3 and then the 
H2SO4.) Before adding the nitrate, allow to digest, at a gentle heat if necessary, until 
violence of reaction is over. 

* Published by Permission of Amer, Association of Official Agricultural Chemists. 
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2.9 Determination 

Pipet aliquot of prepared solution corresponding to 0.25 g, or 1 g, into a 250-mi 
beaker, add NH4OH in slight excess, and barely dissolve precipitate formed with a 
few drops of HNO3, stirring vigorously. If HCl or H2SO4 has been used as solvent^ 
add dbl5 g of crystalline NH4NO3 or a solution containing that quantity. To hot 
solution add 70 ml of the molybdate solution for every decigram of PtO* present. 
Digest at ±65® for 1 hour, and determine whether or not PsO& has been completely 
precipitated by adding more molybdate solution tc clear supernatant liquid. Filter, 
and wash with cold H2O or preferably with the NH4NO3 solution. Dissolve precipitate 
on filter with NH4OH (1 -f 1) and hot H2O and wash into beaker to volume of not more 
than 100 ml. Neutralize with HCl, using litmus paper or bromothymol blue as indi- 
cator, cool, and from buret add slowly (±1 drop/second), stirring vigorously, 15 ml 
of the magnesia mixture for each decigram of P2O6 present. After 15 minutes add 12 
ml of NH4OH. Let stand until supernatant liquid is clear (usually 2 hours), filter, 
wash precipitate with NH4OH (1 + 9) until the washings are practically free from 
chlorides, dry, burn at low heat, and ignite to constant weight, preferably in electric 
furnace, at 950 to 1000°, cool in desiccator, and weigh as MgaPaOT. Report as per- 
centage of PaOs. 

With basic slag dehydrate aliquot (20 ml) of prepared solution by evaporating to 
dryness on steam or hot water bath. Treat with 5 ml of HCl and 25 ml of hot HaO, 
digest in order to complete the solution, and filter off SiOa- Proceed as above. Before 
precipitating with magnesia mixture, add 6 ml of 5 per cent Na acetate solution. 

2.10 Volumetric Method {4) 

(a) Molybdate Solution. To 100 ml of molybdate solution 2.7 (a), add 5 ml of HNO3. 
Filter this solution immediately before using. 

(b) Standard Sodium or Potassium Hydroxide Solution. Dilute 323.81 ml of N 
alkali, free from carbonates, to 1 liter; 100 ml of the solution should neutralize 32.38 
ml of N acid; 1 ml ~ 1 mg or 1 per cent of PjOs on basis of 0,1 g of substance. For 
basic slag standardize against a standard phosphate material of about same composi- 
tion as sample under examination. (Burets in constant use are likely to become so 
corroded as to increase their capacity and therefore should be tested at least once a 
year.) 

(c) Standard Acid Solution. Prepare solution of HCl or of HNOs, corresponding 
to strength of (b), or ^ of this strength, and standardize by titration against that 
solution, using the penolphthalein indicator. 

(d) Phenolphthalein Indicator. jyisBolvQl gof phenolphthalein in 100 ml of alcohol. 

2.11 Preparation of Solution 

Treat 2 g of sample as directed under 2.8 (a), (b), (c), or (d), preferably (a) when 
these acids are suitable solvents, and dilute to 200 ml with H2O, 

2.12 Determination 

(a) For percentages up to 5 use an aliquot corresponding to 0.4 g of substance; for 
percentages between 5 and 20 use an aliquot corresponding to 0.2 g of substance; and 
for percentages above 20 use an aliquot corresponding to 0.1 g of substance. Add 5 
to 10 ml of HNOs, depending on method of solution (or equivalent in NH4NO3) ; add 
NH4OH until precipitate that forms dissolved only slowly on stirring vigorously, 
dilute to 75 to 100 ml, and adjust to temperature of ^ to 30°. If the sample is of such 
nature that it will not give a precipitate with NH4OH as a test of neutralization, make 
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solution slightly alkaline to litmus with NH4OH and then slightly acid with dilute 
HNO3. For percentages below 6, add 20 to 25 ml of the freshly filtered molybdate 
solution ; for percentages between 5 and 20, add 30 to 35 ml of the molybdate solution, 
and for percentages greater than 20, add sufficient molybdate solution to insure com- 
plete precipitation. Place solution in shaking or stirring apparatus and shake or stir 
30 minutes at room temperature, decant at once through filter, and wash precipitate 
twice by decantation with 25 to 30 ml portions of H 2 O, agitating thoroughly and allow- 
ing to settle. Transfer precipitate to filter and wash with cold H 2 O until filtrate from 
2 fillings of filter yields pink color upon addition of phenolphthalien and 1 drop of 
standard alkali. Transfer precipite and filter to the beaker or precipitating vessel, 
dissolve precipitate in small excess of standard alkali, add few drops of phenol- 
phthalein indicator, and titrate with the standard acid. 

(b) Not applicable to superphosphate and other fertilizers that contain sulfates 
(5) Proceed as directed under (a) to point where solution is diluted to 75 to 100 nd. 
Heat in water bath to 45 to 50®, add the molybdate solution at rate of 75 ml for each 
decigram of PaOs present, and allow mixture to remain in bath 30 minutes, stirring 
occasionally. Decant at once through filter, wash, and titrate as directed under (a). 

2.13 Water-Soluble Phosphoric Acid 

Gravimetric Method, Place 1 g of sample on 9-cm filter and wash with successive 
small portions of H 2 O until filtrate measures zb 250 ml. Allow each portion of wash 
H 2 O to pass through filter before adding more and use suction if the washing cannot 
otherwise be completed within 1 hour. If filtrate is turbid, add 1 to 2 ml of HNO*. 
Dilute to convenient volume, mix well, and proceed as directed under 2.9. 

2.14 Volumetric Method 

Treat sample as directed under 2.13. To aliquot of solution corresponding to 0.1, 
0.2, or 0.4 g, add 10 ml of HNO 3 , nearly neutralize with NH 4 OH, dilute to 60 ml, and 
proceed as directed under 2.12. 

2.15 Citrate-Insoluble Phosphoric Acid 
Reagents : 

Ammonium Citrate Solution. (6) Should have a sp gr of 1.09 at 20° and pH of 7,0 
as determined by electrometric method with hydrogen electrode or by colorimetric 
method with phenol red. When using colorimetric method proceed as follows : 

Dissolve 370 g of crystallized citric acid in 1500 ml of H 2 O and nearly neutralize 
by adding 345 ml of NH4OH (28 to 29 per cent NH3). If concentration of NH3 is less 
than 28 per cent, add correspondingly larger volume and dissolve the citric acid in 
correspondingly smaller volume of H2O. Cool, and make exactly neutral as follows: 

Transfer 10 ml of the citrate solution to standard test tube of a hydrogen-ion com- 
parator set with color standards and add 0.5 ml of 0.02 per cent phenol red solution 
or sufficient volume to give same concentration of indicator as used in color standards. 
Add from graduated pipet a few drops of NH4OH (1 + 7) mix, compare color by use 
of comparator with that of color standards of same indicator, add more NH4OH if 
necessary, and repeat test until color matches that of color standard corresponding 
to pH of 7.0. If the NH4OH added is in excess of that required to give pH of 7.0 repeat 
test, using smaller quantity of NH4OH. From quantity of NH4OH required to pro- 
duce in sample a color that exactly matches, standard, calculate quantity of NH4OH 
required to neutralize solution. Add this quantity of NH4OH and check pH of solu- 
tion by repeating test as before with the addition of a small quantity of NH4OH or 
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of a citric solution as may be required. When color matches, dilute solution, if ne’Ces- 
sary, to density of 1.09 at 20®. (Volume will be ±2 liters.) Keep in tightly stoppered 
bottles and check pH from time to time. 

Phenol red is recommended in place of bromothymol blue as salt effect due to 
presence of NH4 citrate solution gives pH reading with latter indicator that is dbO*^ 
unit too high. When bromothothymoi blue is used, subtract 0.:^ from observed 
reading. The other reagents and solutions are described under 2.7 and 2,10. 

2.16 Determination (7) 

(a) Acidulated Samples. After washing out water-soluble PaOj, 2.13, transfer filter 
and residue, within period not to exceed an hour, to 250-mI flask containing 100 ml 
of the NH4 citrate solution previously heated to 66® in water bath. Close flask tightly 
with a smooth rubber stopper and shake vigorously until filter paper is reduced to 
a pulp, relieving pressure by momentarily removing stopper. Loosely stopper flask 
to prevent evaporation and return it to the bath. Maintain contents of flask at exactly 
65°, keeping level of H2O in bath above that of the citrate solution in the flask. Shake 
flask every 5 minutes. At expiration of exactly 1 hour from time filter and residue 
were introduced, remove flask from bath and immediately filter contents as rapidly 
as possible through Whatman filter paper No. 6 or other paper of equal speed and 
retentiveness. (It is recommended that filtration be made with suction and use of 
Biichner funnel or ordinary funnel with Pt or other cone.) Wash with H2O at 65° 
until volume of filtrate is +350 ml allowing time for thorough draining before adding 
new portions of H2O. If sample gives a cloudy filtrate, wash with a 5per cent NH4NO3 
solution. Determine P2O6 in citrate-insoluble residue by one of following methods: 
(1) Dry filter and contents, transfer to crucible, ignite until all organic matter is 

‘destroyed, and digest with 10 to 15 ml of HCl until all phosphate is dissolved; (2) 
transfer wet filter with contents to 200-ml flask, add 30 to 25 ml of HNO3 and 6 to 10 
ml of HCl, and boil until all phosphate is dissolved; or (3) treat filter and contents 
as directed under 2.8 (c) or (d). Dilute solution to 200 ml, mix well, filter through a 
dry filter, and proceed as directed 2.9 or 2.12. 

(b) N on- Acidulated Samples other than Basic Slag. Place 1 g of sample on 9 cm 
filter paper. Without previously washing with H2O, proceed as directed under (a) 
and determine P2O6 as directed under 2.9 or 2.12. If substance contains much animal 
matter (bone, fish, etc.), dissolve residue insoluble in NH4 citrate by one of processes 
described under 2.8 (c) or (d). 

2.17 Citrate-Soluble and Available Phosphoric Acid 

Subtract sum of water-soluble and citrate -insoluble P2O6 from total to obtain 
the citrate -soluble P2O5. Subtract citrate-insoluble P2O6 from total to obtain chemi- 
cally available P2O6 in acidulated samples, dicalcium phosphate, precipitated bone 
phosphate and precipitated bone. 

2.18 Citric Acid-Soluble Phsophoric Acid in Basic Slag (8) 

Gravimetric Method 

Preparation of Solution. Weigh 5 g of prepared slag, 2.2, into a 600-ml cylindrical 
shaking flask (Wagner) containing 5 ml of alcohol. (Neck of flask should be at least 
22 mm wide, and graduation marks at least 8 cm below mouth.) Make up to mark 
with 2 per cent citric acid solution at 17.5°. Fit flask with rubber stopper and place 
at once in a rotary apparatus, shaking flask 30 minutes at 30 to 40 rpm. Filter immedi- 
ately on dry filter and analyze solution at once. 
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2.19 Determination 

To 50 ml of the clear filtrate in the beaker add 100 ml of molybdate solution 2 7 
(a), and place beaker in water bath, when temperature of contents reaches 65®' re- 
move beaker and cool to room temperature. Filter, and wash yellow precipitate of 
NH4 phosphomolybdate 4 or 5 times with 1 per cent HNO3. Dissolve precipitate in 
100 ml of cold 2 per cent NH4OH, and nearly neutralize with HCl. Add to solution 
dropwise, with continuous stirring, 15 ml of magnesia mixture, 2.7 (c) and proceed 
as directed under (2.9). 

2.20 Volumetric Method 

In an aliquot of the clear solution, 2.18, determine PaOg as directed under (2.12). 

Table 11. U. S. Patents on Washing, Scbeening and Drying op 
Phosphate Rock 


3F^tent No. 

Date 

Patentee 

86,289, 

Jan. 26, 1869 

Duvall, A. 

86,574 

Feb. 2, 1869 

Ottolengin, A. M. 

114,693 

May 9, 1871 

Lewis, G. T. 

335,673 

Feb. 9, 1886 

Bacon, E. V. 

971,830 

Oct. 4, 1910 

Coates, L. R. 

1,014,254 

Jan. 9, 1912 . 

Pratt, N. P. 

1,014,255 

do 

do 

1,124,442 

Jan. 12, 1915 

Hoover, F, K., et al. 

1,129,407 

Feb. 23, 1915 

Lay, W. F. 

1,192,545 

July 25, 1916 

Memminger, C. G. 

1,266,730 

May 21, 1918 

Webster, H. A. 

1,393,840 

Oct. 18, 1921 

Shoeld, M. 

1,429,407 

Feb. 23, 1921 

Lay, W. F. 

1,434,596 

Nov. 7, 1922 

Dorr, J. V. N. 

1,434,597 

do 

do 

1,447,610 

Mar. 6, 1923 

Allen, C. 

1,447,970 

Mar. 13, 1923 

Dull, R. W. 

1,448,181 

do 

Babka, J. J. 

1,453,571 

May 1,1923 

Stevenson, E. P. 

1,457,810 

June 5, 1923 

Alwart, P. J, 

1,458,111 

do 

Sturtevant, T, J. 

1,467,355 

Sept. 11, 1923 

Christensen, N. C. 


Sept. 25, 1923 

Trott, R, S. 


Nov. 6, 1923 

Gibson, W. A., et al. 

1,479,834 

Jan. 8, 1924 

Reynolds, M. P. 


Mar. 4, 1924 

Ruprecht, C. C. 


Apr. 21, 1925 

Komarek, G. 


Apr. 28, 1925 

Kanowitz, S. B., j t a.. 


July 21, 1925 

Singleton, Gray 

' V- ■ 

Oct. 6, 1925 

Rigg, G., aZ. 


Deo. 29, 1925 

Scrive, P. 


Sept. 6,1927 

Komarek, G, 


Mar. 27, 1928 

Gibson, W. A., et al. 


May 15, 1928 

Harned, G. T. 


May 29, 1928 

do 


Dec. 24, 1929 

Mason, A. J. 
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Table 11 — Continmd 


patent No. 

r^te 

1,780,915 

Nov. 11, 1930 

1,781,526 

do 

1,786,399 

Lee. 23, 1930 

1,810,416 

June 16, 1931 

1,810,794 

do 

1,888,910 

Nov, 22, 1932 

1,901,221 

Mar. 14, 1933 

1,996,547 

Apr. 2, 1935 

2,125,663 

Aug. 2, 1938 

2,127,307 

Aug. 16, 1938 

2,139,789 

Dec. 13, 1938 

2,139,823 

do 

2,148,067 

Feb. 21, 1939 

2,148,068 

do 

2,150,226 

Mar. 14, 1939 

2,155,748 

Apr. 25, 1939 

2,156,168 

do 

2,156,483 

May 2, 1939 

2,161,476 

June 6, 1939 

2,164,052 

June 27, 1939 

2,184,226 

Dec. 19, 1939 

2,191,743 

Feb. 27, 1940 

2,191,744 

do 

2,193,706 

Mar. 12, 1940 

2,197,865 

Apr. 23, 1940 

2,198,972 

Apr. 30, 1940 

2,236,548 

Apr. 1, 1941 

2,381,514 

Aug. 7, 1945 

Table 12. U. 

S. Patents on 

Patent No. 

Date 

1,467,354 

Sept. 11, 1923 

1,492,904 

May 6, 1924 

1,547,732 

July 28, 1925 

1,689,693 

Oct. 30, 1928 

1,761,546 

June 3 , 1930 

1,780,022 

Oct. 28, 1930 

1,795,100 

Mar. 3, 1931 

1,797,356 

Mar. 24, 1931 

1,838,422 

Dec. 29, 1931 

1,912,433 

June 6, 1933 

1,912,434 

do 

1,914,694 

June 20, 1933 

1,914,695 

do 

1,927,939 

Sept. 26, 1933 

1,958,320 

May 8, 1934 

1,968,008 

July 24, 1934 

1,968,876 

Aug. 7, m4 

1,969,269 

do 


F&tmtm 
Hardinge, H, 

Reynolds, M. P. 

Krider, G. E* 

Harty, W. A., et at. 

Shuey, P. McG., et ai 
Gooch, S. D. 

Bull'^^inkel, J. T. 

Mason, A. J. 

Wuensck, 0. E. 

Oppen, E. 

Wuensch, C. E. 

Hayworth, M. E. 

Puller, C. M, 
do 

Kennedy, J. E. 

Pool, W. 0., et aL 
Thomas, B. D, 

Sallee, W. I, 

Seja, A. H. 

Bullwinkel, J. T. 

Opie, W. L. 

Scott, C. H. 
do 

Atwood, J. G. 

Johnson, H. B. 

Peddrick, C. H., Jr., et aL 
Prouty, W. B. 

Phelps, D. S, 

Flotation of Phosphate Rock 

Patentee 

Christensen, N. C. 
Sulman, H. L., et <d. 
Broadbridge, W., et al. 
Shapley, C. 

Trotter, W,, et al. 
Littleford, J. W. 

Trotter, W., et al. 

Martin, R. B, 

Littleford, J. W., et al. 
Crago, A., et al. 
do 

Lange, L. H. 
do 

Johnston, F. F. 

Singleton, J, T. 

Chapman, G. A., ef aL 
Crago, A., el aL 
Keller, C. H. 
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Batent No. 

1,970,508 

1,973,439 

1,996,021 

1,996,035 

2,017,468 

2,047,773 

2,069,182 

2,084,413 

2,113,727 

2,125,631 

2.125.852 
2,126,292 
2,132,902 
2,134,410 
2,141,862 

2.142.206 

2.142.207 
2,148,446 
2,149,546 

2.154.092 

2.162.494 

2.162.495 
2,162,525 

2.163.701 

2.163.702 
2,164,063 
2,165,268 

2.166.093 
2,168,942 
2,167,788 

2.175.093 
2,178,239 
2,179,622 
2,180,278 
2,184,115 
2,185,224 
2,185,968 

2.190.852 
2,194,522 
2,198,296 
2,198,915 
2,202,484 
2,202,601 
2,203,739 
2,205,194 
2,205,923 
2,206,574 
2,216,040 
2,216,992 
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Table 12 — Continued 


Date 

Patentee 

Aug. 14, 1934 

Christmann, L. J., et al. 

Sept. 11, 1934 

Mason, A. J. 

March 26, 1935 

Klosky, S. 

do 

Singleton, J. T. 

Oct. 15, 1935 

McCoy, G. H., ei al. 

July 14, 1936 

Greene, E. W. 

Jan. 26, 1937 

Hagood, J. 

June 22, 1937 

SienoLS, H. B. 

Apr. 12, 1938 

Hall, J. P. 

Aug. 2, 1938 

Gutzeit, G. 

do 

Ralston, A. W., et al. 

Aug. 9, 1938 

Tartaron, F. X. 

Oct. 11, 1938 

Lenher, S. 

Oct. 25, 1938 

Kraus, M. 

Dec. 6, 1938 

Hall, R. G. 

Jan. 3, 1939 

Patch, J. M. 

do 

Price, J. D. 

Feb. 28, 1939 

Drake, L. D. 

Mar. 7, 1939 

Ralston, A, W., et al. 

Apr. 11, 1939 

Huns, J. E. 

June 13, 1939 

Trotter, W., et al. 

do 

do 

do 

Breerwood, C. H. 

June 27, 1939 

Reid, R. C. 

do 

do 

do 

Handy, R. S. 

July 11, 1939 

Yogel-Jorgensen, M. 

July 11, 1939 

Harwood, J., et al. 

Aug. 8, 1939 

McClave, J. M. 

Aug. 1, 1939 

Weinig, A. J. 

Oct. 3, 1939 

Ralston, A. W., et al. 

Oct. 31, 1939 

McKenna, W. J. 

Nov. 14, 1939 

Garrett, A. H. 

do 

Ellis, R. S. 

Dec. 19, 1939 

Coke, H. W. 

Jan. 2, 1940 

Ralston, 0. C. 

do 

Ralston, A. W., et al. 

Feb. 20, 1940 

Tucker, S. 

Mar. 26, 1940 

Harris, B. R. 

Apr. 23, 1940 

Thoreau, J. W. 

Apr. 30, 1940 

MacAfee, M. W. 

May 21, 1940 

Emery, A. B. 

May 28, 1940 

Ried, R. C. 

June 11, 1940 

Ott, E. 

June 18, 1940 

Green, W. D. 

June 25, 1940 

Doerner, H. A., ei oL 

July 2, 1940 

Pearson, A. 

Sept. 24, 1940 

Mead, H. L., & Maust, E. J. 

Oct. 8, 1940 

Vogel-Jorgensen, M. 
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Table l2r-CmUnmd 


Bfttent No* 

Date 

Bitentee 

2,217,684 

Oqt. 15, 1940 

Kirby, J. E., el ol. 

2,217,685 

do 

do 

2,221,088 

Nov. 12, 1940 

Traylor, J. A. 

2,221,485 

do 

Kirby, J. E., ei al. 

2, ^,728 

Nov. 26, 1940 

Tartaron, P. X. 

2,223,679 

Dec. 3, 1940 

Ellis, E. S. 

2,226,170 

Dec. 24, 1940 

Lasseter, F. P. 

2,229,272 

Jan. 21, 1941 

Booth, E. B. 

2,23i,066 

Feb. 11, 1941 

Greene, E. W., et ol. 

2,231,265 

do 

Gaudin, A. M. 

2,238,439 

Apr. 15, 1941 

Bishop, W. T. 

2,246,260 

June 24, 1941 

Weinig, A, J. 

2,251,217 

July 29, 1941 

Woodhouse, J* C. 

2,252,576 

Aug. 12, 1941 

Macintosh, J. C. 

2,255,139 

Sept. 9, 1941 

Vogel-Jorgensen, M. 

2,258,507 

Oct. 7, 1941 

Hoag, E. H. 

2,259,243 

Oct. 14, 1941 

Daman, A. C. 

2,259,744 

Oct. 21, 1941 

Fortune, E. 

2,267,307 

Dec. 23, 1941 

Ealston, A. W., el aL 

2,278,060 

Mar. 31, 1942 

Christmann, L. J., el al. 

2,278,107 

do 

Jayne, D. W., Jr., et al. 

2,288,237 

June 30, 1942 

Greene, E. W. 

2,289,741 

July 14, 1942 

Tartaron, P. X. 

2,291,031 

July 28,1942 

Farenwald, A. W. 

2,291,095 

do 

McLean, L. 

2,293,033 

Aug. 18, 1942 

Mead, H. L., et al. 

2,293,469 

do 

Maust, E. J., et al. 

2,239,470 

do 

Mead, H. L.,‘el al. 

2,293,640 

do 

Crago, A. 

2,294,323 

Aug. 25, 1942 

Wigton, P. I. 

2,295,495 

Sept. 8, 1942 

Erickson, S. E. 

2,296,368 

Sept. 22, 1942 

Ealston, A. W. 

2,297,689 

Oct. 6, 1942 

O’Meara, E. G. 

2,298,281 

Oct. 13, 1942 

Corley, H. 1^., et al. 

2,303,931 

Dec. 1, 1942 

Greene, E. W., el al. 

2,304,270 

Dec. 8, 1942 

Mead, H. L., el al. 

2,305,502 

Dec. 15, 1942 

Tartaron, F. X. 

2,307,397 

Jan. 5, 1943 

Falconer, S. A., el al. 

2,310,240 

Feb. 9, 1943 

Keck, W. E. 

2,311,527 

Feb. 16, 1943 

Frantz, P. M., el al. 

2,312,387 

Mar. 2,1943 

Christmann, L. J., et al. 

2,312,414 

do 

Jayne, D. W., et al. 

2,312,466 

do 

Erickson, S. E., et al. 

2,313,360 

Mar. 9, 1943 

Ealston, A. W., el al. 

2,316,770 

Apr. 20, 1943 

Daman, A. C., el al. 

2,321,186 

June 8, 1943 

Christmann, L. J., el at. 

2,322,201 

June 15, 1943 

Jayne, D. W., Jr., el al. 

2,324,018 

July 13, 1943 

Petersen, L. S, 

2,327,408 

Aug. 24, 1943 

Em8,E.J. 
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Table 12— Concluded 


Patent No. 

Date 

Patentee 

2,330,587 

Sept. 28, 1943 

Jayne, D. W., Jr. 

2,331,722 

Oct. 12, 1943 

Patck, J. M. 

2,336,014 

Dec. 7, 1943 

Jayne, D. W., Jr., et ah 

2,336,015 

do 

do 

2,336,437 

do 

Erickson, S. E. 

2,336,868 

Dec. 14, 1943 

Jayne, D. W., Jr., et al. 

2,337,118 

Dec. 21, 1943 

Lontz, J. F. 

2,337,806 

Dec. 28, 1943 

Farenwald, A. W. 

2,343,274 

Mar. 7, 1944 

Bailey, T. S., Jr., et al. 

2,349,094 

May 16, 1944 

Heilmann, T. 

2,350,943 

June 6, 1944 

Thompson, J. W., et al. 

2,356,821 

Aug. 29, 1944 

Christmann, L. J., et al. 

2,362,276 

Nov. 7, 1944 

Jayne, D. W., Jr., et al. 

2,362,432 

do 

Cahn, F. J. 

2,364,272 

Dec. 5, 1944 

Christmann, L. J., et al. 

2,365,084 

Dec. 12, 1944 

Jayne, D. W., Jr., et al. 

2,368,968 

Feb. 6, 1945 

Christmann, L. J. 

2,369,311 

Feb. 13, 1945 

Mead, H. L., et al. 

2,369,401 

do 

Morash, N. 

2,370,058 

Feb. 20, 1945 

Maguire, M. J. 

2,373,688 

Apr. 17, 1945 

Keck, W. E. 

2,377,129 

May 29, 1945 

Christmann, L. J., et al. 

2,380,698 

July 31, 1945 

Jayne, D. W., Jr., et al. 

2,382,178 

Aug. 14, 1945 

Schilling, K. F., et al. 

2,383,669 

Aug. 28, 1945 

Clemmer, J. B., et al. 

2,384,825 

Sept. 18, 1945 

Ellis, E. J. 

2,389,763 

Nov. 27, 1945 

Cahn, F. J. 

2,400,213 

May 14, 1946 

Schilling, K. F. 

2,401,745 

June 11, 1946 

Brown, J. B. 

2,406,423 

Aug. 27, 1946 

Farenwald, A. W. 

2,406,632 

do 

do 

2,411,288 

Nov. 19, 1946 

Morse, A. R. 

2,414,199 

. Jan. 14, 1947 

Gutzeit, G. 

2,416,909 

Mar. 4, 1947 

Crawford, B. D., et al. 

2,419,497 

Apr. 22, 1947 

Meyer, S. E. 

2,424,402 

July 22, 1947 

Loane, C. M., et al. 

2,424,552 

July 29, 1947 

Clemmer, J. B., et al. 

2,433,258 

Dec. 23, 1947 

Booth, R. B., et al. 

2,459,219 

Jan. 18, 1948 

Duke, J. B. 

2,469,966 

Jan. 25, 1948 

Schilling, K. F. 

2,459,967 

do 

do 

2,461,813 

Feb. 15, 1948 

Duke, J. B. 

2,461,817 

do 

Greene, E. W. and Duke, 

2,466,671 

Apr. 12, 1949 

Gieseke, E. W. 

2,466,995 

do 

McMurray, L. L. 

2,494,132 

Jan. 10, 1950 

Jayne, D. W., et al. 

2,496,050 

Jan. 31, 1950 

Herkenhoff, E. C. 

2,502,497 

Apr. 4, 1950 

Wigton, P. X. 

2,625,146 

Oct. 3, 1950 

McMurray, L. L., et al. 
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Table 13. U. S. Patents on the Manufacture of Phosphorus and 
Phosphoric Acid by the Volatilization Process 


Patent No. 

Date 

Patentee 

171,813 

Jan. 4, 1876 

Hunter, A. G. 

239,394 

Mar. 29, 1881 

Maxim, H. F. 

393,428 

Nov. 27, 1888 

Giles, W. B., el « 

417,943 

Dec. 24, 1889 

Re adman, J. B, 

452,821 

May 26, 1891 

Wing, H. H. 

455,376 

July 7, 1891 

do 

540,124 

May 28, 1895 

VanRuymbeke, J 

588,267 

Aug. 17, 1897 

De Chalmot, G. 

602,747 

Apr. 19, 1898 

Harding, C. K. 

669,271 

Mar. 5, 1901 

VanDenberg, F. ' 

689,286 

Dec. 17, 1901 

DeChalmot, G. 

733,017 

July 7, 1903 

Duncan, E. K. 

733,316 

do 

do 

751,753 

Feb. 9, 1904 

Powten, N. B, 

789,438 

May 9, 1905 

Machalske, F. J. 

789,439 

do 

do 

789,440 

do 

do 

859,086 

July 2, 1907 

Landis, G. C. 

862,092 

July 30, 1907 

Morehead, J. T. 

862,093 

do 

do 

902,157 

Oct. 27, 1908 

Maywald, F. J. 

939,078 

Nov. 2, 1909 

Peacock, S. 

984,769 

Feb. 21, 1911 

Levi, G. 

988,137 

Mar. 28, 1911 

Peacock, S. 

995,897 

June 20, 1911 

do 

997,086 

July 4, 1911 

do 

1,000,290 

Aug. 8, 1911 

do 

1,000,311 

do 

Washburn, F. S. 

1,015,707 

Jan. 23, 1912 

Peacock, S. 

1,018,186 

Feb. 20, 1912 

Haff, M. M. 

1,047,864 

Dec. 17, 1912 

Washburn, F. S. 

1,076,497 

Oct. 21, 1913 

Haff, M, M. 

1,076,499 

do 

Haff, M. M. et al 

1,084,856 

Jan. 20, 1914 

Haff, M. M. 

1,100,639 

June 16, 1914 

Washburn, F. S. 

1,103,910 

July 14, 1914 

Willson, T. L., el 

1,112,211 

Sept. 29, 1914 

Hechenbleikner, 

1,129,504 

Feb. 23, 1915 

Peacock, S. 

1,129,514 

do 

do 

1,129,722 

do 

do 

1,142,371 

June 8, 1915 

Schmitz, F. C. 

1,142,397 

do 

Burroughs, J. W. 

1,149,233 

‘ Aug. 10,1915 

Washburn, F. S. 

1,167,755 

Jan. 11,1916 

Heckenbleikner, 

1,168,495 

Jan. 18, 1916 

Gray, J. J., Jr. 

1,172,420 

Feb. 22, 1916 

Bassett, H. P. 

1,173,960 

Feb . 29, 1916 

Hechenbleikner, 

1,202,837 

Oct. 31, 1916 

do 



618 


Patent No. 

1,217,306 

1,220,416 

1,241,791 

1,242,987 

1,274,479 

1,281,363 

1,282,994 

1,285,575 

1.299.336 

1.299.337 

1.314.229 
1,334,474 
1,359,211 
1,360,248 
1,368,379 
1,373,471 
1,387,817 
1,409,295 
1,410,550 
1,422,699 
1,441,573 
1,457,810 
1,463,959 
1,468,741 

1.492.712 

1.492.713 

1.496.230 
1,497,173 
1,497,727 
1,513,088 
1,518,019 
1,586,115 
1,606,319 
1,622,082 
1,622,206 
1,630,283 
1,659,146 
1,673,691 
1,680,625 
1,692,787 
1,695,558 
1,700,708 
1,701,286 
1,714,685 
1,721,868 
1,723,791 
1,728,948 
1,758,241 
1,766,785 
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Table 13 — Continued 


Date 

Patentee 

Feb. 27, 1917 

Hechenbleikner, L. 

Mar. 27, 1917 

Gray, J, J. 

Oct. 20, 1917 

Waggaman, W. H., et aL 

Oct. 16, 1917 

Schmitz, F. C. 

Aug. 6, 1918 

Wenman, H. 0. H. 

Oct. 15, 1918 

Haslup, E. W. 

Oct. 29, 1918 

Waggaman, W. H., et al. 

Nov. 26, 1918 

Allen, W. H. 

Apr. 1, 1919 

Hechenbleikner, I. 

do 

do 

Aug. 26, 1919 

Washburn, F. S. 

Mar. 23, 1920 

Waggaman, W. H. 

Nov. 16, 1920 

Washburn, F. S. 

Nov. 23, 1920 

Brobst, G. R. 

Feb. 15, 1921 

Allen, W. H. 

Apr. 5, 1921 

Washburn, F. S. 

Aug. 16, 1921 

Waggaman, W. H., et al. 

May 14, 1922 

Hechenbleikner, I. 

May 28, 1922 

Carothers, J. N. 

July 11, 1922 

Guernsey, E. W., aZ. 

Jan. 9, 1923 

Franchot, R., et al. 

June 5, 1923 

Alwart, P. J. 

Aug. 7, 1923 

Klugh, B. G. 

Sept. 5, 1923 

Peacock, S. 

May 6, 1924 

Klugh, B. G. 

do 

do 

June 3, 1924 

do 

June 10, 1924 

Hechenbleikner, I. 

June 17, 1924 

Klugh, B. G. 

Oct. 28, 1924 

Charlton, H. W. 

Dec. 2, 1924 

Tolman, R. D. 

May 25, 1926 

Pistor, G., et al. 

Nov. 9, 1926 

Parsons, C. E., et al. 

Mar. 22, 1927 

Br assert, 'EL. A, j et al. 

do 

Pistor, G. 

May 31, 1927 

Waggaman, W. H., et al. 

Feb. 14, 1928 

Klugh, B. G. 

June 12, 1928 

Liljenroth, F. G. 

Aug. 14, 1928 

Lang, H. 

Nov. 20, 1928 

Pistor, G., eZ aZ. 

Dec. 18, 1928 

Noble, A. 

Jan. 29, 1929 

Pistor, G., eZ aZ. 

Feb. 5, 1929 

Waggaman, W. H. 

May 28, 1929 

Mathey, E. DuB., eZ aZ. 

July 23, 1929 

Mayer, M. 

Aug. 6, 1929 

Kyber,«W. 

Sept. 24, 1929 

Wagg£^an, W. H., et al. 

May 13, 1930 

Such, R. 

June 24, 1930 

Griessback, R. 
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Table 13 — Concluded 


Patent No. 

Date 

Patentee 

1,772,849 

Aug. 12, 1930 

Walton, J.W. 

1,775,802 

Sept. 16, 1930 

Baily, T. F. 

1,777,582 

Oct. 7, 1930 

Seyfried, W. R. 

1,795,173 

Mar. 3, 1931 

Lehrecke, H. 

1,797,726 

Mar. 24, 1931 

Larsson, M. 

1,807,790 

June 2, 1931 

Liljenrotb, F. G. 

1,814,568 

July 14, 1931 

Pike, R. D., et aL 

1,815,379 

July 21, 1931 

Pike, R. D. 

1,818,644 

Aug. 11, 1931 

Noyes, H. F., ei aL 

1,818,662 

do 

Weigel, R., ei aL 

1,820,606 

Aug. 25, 1931 

Easter wood, H . W. 

1,836,618 

Dec. 15, 1931 

Pokorny, E. 

1,849,124 

Mar. 15, 1932 

Urbain, E. 

1,900,287 

Mar. 17, 1933 

Johnson, E. 

1,938,551 

Dec. 5, 1933 

Gooch, S. D., et al. 

1,951,984 

Mar. 20, 1934 

Kerschbaum, F. P,, et al. 

1,952,004 

do 

Weigel, R. 

1,959,086 

May 15, 1934 

Skinner, L. B. 

1,961,691 

June 5, 1934 

Ipater, V. N., et at 

1,984,674 

Dec. 18, 1934 

Fiske, A. H., et al. 

1,988,387 

Jan. 15, 1935 

Mason, A. J. 

1,990,233 

Feb. 5, 1935 

Heckenbleikner, 1. 

2,000,627 

May 7, 1935 

Udy, M. J. 

2,020,976 

Nov. 12, 1935 

do 

2,029,633 

Feb. 4, 1936 

Kerschbaum, F. P., et al. 

2,039,297 

May 5, 1936 

Curtis, H. A. 

2,059,796 

Aug. 11, 1936 

Kerschbaum, F. P., ei al. 

2,059,797 

do 

do 

2,069,225 

Feb. 2, 1937 

Curtis, H. A. 

2,072,981 

Mar. 9, 1937 

do 

2,075,212 

Mar. 30, 1937 

Levermore, C. L., al. 

2,100,843 

Nov. 30, 1937 

Fischer, S. 

2,117,301 

May 17, 1938 

Curtis, H. A. 

2,135,486 

Nov. 8, 1938 

Almond, L. H. 

2,143,001 

Jan. 10, 1939 

Curtis, H. A., ei oZ. 

2,150,261 

Mar. 14, 1939 

Blackwell, H. P., et al. 

2,153,953 

Apr. 11, 1939 

Burke, G. W. 

2,397,951 

Apr. 9, 1946 

DeWitte, T. W. 

2,399,120 

Apr. 23, 1946 

Hurd, L. C. 

2,488,078 

Nov. 15, 1949 

Conradi, L. A., ei al. 

2,488,604 

Nov. 22, 1949 

Pike, R. D. 

Table 14, 

U. S. Patents on Processes 

AND Apparatus Related to 

THE ReCOVEEY of VOLATILIZED PhOSPHOEUS AND PHOSPHORIC AciD 

Patent No. 

Date 

Patentee 

171,813 

Jan. 4, 1876 

Hunter, A. G. 

282,118 

July 31, 1883 

Reese, Jacob 

588,267 

Aug. 17, 1897 

De Chalmot, G. 
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Patent No. 

638,548 

724,142 

1,044,957 

1,089,784 

1.115.471 
1,129,513 
1,142,371 

1.142.397 
1,149,233 
1,168,495 
1,173,960 
1,194,077 
1,202,837 

1.216.306 

1.217.306 
1,2^,264 
1,241,791 
1,242,987 
1,249,392 

1.264.236 

1.264.237 

1.264.510 

1.264.511 
1,265,149 
1,268,849 
1,282,994 

1.283.398 
1,284,200 
1,299,336 
1,314,229 
1,325,145 
1,329,273 

1.373.471 
1,381,783 
1,387,817 
1,427,436 
1,430,619 
1,430,971 

1.440.886 

1.440.887 
1,441,573 
1,442,033 
1,442,052 
1,443,439 
1,446,662 
1,461,418 
1,462,732 
1,469,275 
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Table 14 — Continued 


Date 

Patentee 

Dec. 5, 1899 

Billiaudot, L. L. 

Mar. 31, 1903 

Stevenson, J., Jr. 

Nov. 19, 1912 

Washburn, F. S. 

Mar. 10, 1914 

Peacock, S. 

Oct. 27, 1914 

Miller, D. I. 

Feb. 23, 1915 

Peacock, S. 

June 8, 1915 

Schmitz, F. C. 

do 

Burroughs, J. W. 

Aug. 10, 1915 

Washburn, F. S. 

Jan. 18, 1916 

Gray, J. J., Jr. 

Feb. 29, 1916 

Hechenbleikner, I. 

Aug. 8, 1916 

Ross, W. H., et al. 

Oct. 31, 1916 

Hechenbleikner, I. 

Feb. 20, 1917 

Gray, J. J., Jr. 

Feb. 27, 1917 

Hechenbleikner, I. 

May 15, 1917 

Schmitz, F. C. 

Oct. 2, 1917 

Waggaman, W. H., et al. 

Oct. 16, 1917 

Schmitz, F. C. 

Dec. 11, 1917 

Hechenbleikner, I. 

Apr. 30, 1918 

Webster, H. A. 

do 

do 

do 

Hechenbleikner, I. 

do 

do, 

May 7, 1918 

Webster, H. A. 

June 11, 1918 

Jeffs, L. A. 

Oct. 29, 1918 

Waggaman, W. H., ci aL 

do 

Carothers, J. N., et al. 

Nov. 5, 1918 

Merz, A. R., et al. 

Apr, 1,1919 

Hechenbleikner, I. 

Aug. 26, 1919 

do 

Dec. 16, 1919 

Davis, J. D. 

Jan. 27, 1920 

Ross, W. H. 

Apr. 5, 1921 

Washburn, F. S. 

June 14, 1921 

Bartleson, T. L. 

Aug. 16, 1921 

Waggaman, W. H., et al. 

Aug. 29, 1922 

Bradley, E. F. 

Oct. 3, 1922 

Bradley, L. 

do 

Fornander, E. 

Jan. 2, 1923 

Nesbit, A. F. 

do 

do 

Jan. 9, 1923 

Franchot, R., et al. 

do 

Sem, M. 0., et al. 

Jan. 16, 1923 

Dane, L. 

Jan. 30, 1923 

Southgate, G. T. 

Feb- 20, 1923 

Bradley, L. 

Apr, 10,1923 

Dillon, E. P., c^ aZ. 

July 24, 1923 

Andreau, R. L. 

Oct. 2, 1923 

Moller, E.,AZ aZ. 
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Table 14- 

-Cmitinmd 

Patent No. 

Date 

Patentee 

1,470,968 

Oct. 16, 1923 

Gooch, S. D. 

1,472,231 

Oct. 30, 1923 

Schmidt, W. A. 

1,477,454 

Dec. 11, 1923 

Seibert, H. 

1,496,230 

June 3, 1924 

Klugh, B. G. 

1,496,231 

do 

do 

1,496,232 

do 

do 

1,496,674 

do 

Helfenstein, A. 

1,497,727 

June 17, 1924 

Klugh, B. G. 

1,513,890 

Nov, 4, 1924 

Bryan, H., et al. 

1,514,912 

Nov. 11, 1924 

Klugh, B. G. 

1,534,828 

Apr. 21, 1925 

!l^arr, J. A. 

1,538,089 

May 19, 1925 

Car others, J. N. 

1,545,975 

July 14, 1925 

Rathburn, R. B. 

1,583,054 

May 4, 1926 

Klugh, B. G. 

1,584,055 

May 11, 1926 

Weiskopf, C. H. 

1,592,616 

July 13, 1926 

Noyes, H. F. 

1,593,514 

July 20, 1926 

Suchy, R. 

1,598,259 

Aug. 31, 1926 

Ross, W, H., et al. 

1,605,548 

Nov. 2, 1926 

Cooke, M. W. 

1,613,125 

Jan. 4, 1927 

Rawn, E. V. 

1,622,206 

Mar. 22, 1927 

Pistor, J. G. 

1,634,570 

July 5, 1927 

Boynton, A. J. 

1,634,796 

do 

Miner, C. G. 

1,646,268 

Oct. 18, 1927 

Warner, J. 

1,650,097 

Nov. 22, 1927 

Schmidt, W. A. 

1,655,981 

Jan. 10, 1928 

Barr, J. A. 

1,659,146 

Feb. 14, 1928 

Ferere, B. F. 

1,659,198 

do 

Griessback, R, 

1,686,873 

Oct. 9, 1928 

Miner, C, G. 

1,688,503 

Oct. 23, 1928 

do 

1,688,822 

do 

Maxwell, J., et al. 

1,698,484 

Jan. 8, 1929 

Urbain, E. 

1,721,868 

July 23, 1929 

Mayer, M. 

1,730,521 

Oct. 8, 1929 

Miner, C. G, 

1,732,373 

Oct. 22, 1929 

Mittasch, A. 

1,756,429 

Apr. 29, 1930 

Larsson, M. 

1,758,404 

May 13, 1930 

Labbe, A. L. 

1,766,421 

June 24, 1930 

Wintermute, H. A,, 

1,773,835 

Aug. 26, 1930 

do 

1,773,840 

do 

Nattcher, A., et al. 

1,773,876 

do 

Seipp, F. 

1,777,548 

Oct. 7, 1930 

Booth, C. F. 

1,788,838 

Jan. 13, 1931 

Lang, H. 

1,791,338 

Feb. 3, 1931 

Wintermute, H. A. 

1,794,074 

Feb. 24, 1931 

Hedberg, C. W. J., 

1,794,615 

Mar. 3,1931 

Hoss, W. 

1,794,616 

do 

do 

1,798,511 

Mar. 31,1931 

Wintermute, H. A., 
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Table 


Patent No. 

Date 

1,800,529 

Apr. 14, 1931 

1,807,767 

June 2, 1931 

1,810,614 

June 16, 1931 

1,811,602 

June 23, 1931 

1,813,306 

July 7, 1931 

1,815,581 

July 21, 1931 

1,820,726 

Aug. 25, 1931 

1,848,579 

Mar. 8, 1932 

1,848,813 

do 

1,852,959 

Apr. 5, 1932 

1,860,818 

May 31,' 1932 

1,863,507 

June 14, 1932 

1,875,755 

Sept. 6, 1932 

1,880,538 

Oct. 4, 1932 

1,882,517 

Oct. 11, 1932 

1,903,640 

Apr. 11, 1933 

1,903,644 

do 

1,940,758 

Dec. 26, 1933 

2,003,725 

June 4, 1935 

2,029,309 

Feb. 4, 1936 

2,040,081 

May 12, 1936 

2,069,692 

Feb. 2, 1937 

2,100,155 

Nov. 23, 1937 

2,101,168 

Dec. 7, 1937 

2,110,631 

Mar. 1, 1938 

2,157,017 

May 2, 1939 

2,199,390 

May 7, 1940 

2,245,576 

June 3, 1941 

2,251,451 

Aug, 5, 1941 

2,289,538 

July 7, 1942 

2,359,243 

Sept. 26, 1944 

2,397,951 

Apr. 9, 1946 

2,399,120 

Apr. 23, 1946 

2,467,039 

Apr. 12, 1949 

2,476,418 

July 19, 1949 

2,488,078 

Nov. 15, 1949 

2,488,604 

Nov. 22, 1949 

Table 15. U. S. Patents c 

Patent No. 

Date 

1,242,987 

Oct. 16, 1917 

1,249,392 

Dec. 11, 1917 

1,325,145 

Dec. 16, 1919 

1,463,959 

Aug. 11,1923 

1,497,173 

June 10, 1924 

1,594,372 

Aug. 3, 1926 

1,605,960 

Nov. 9, 1926 

1,634,570 

July 5, 1927 


14r-Cmcluded 

Patentee 
Horne, G. H. 

Conway, B. V. G., et ah 
Knight, A. P. 
Woodstock, W. H., et ah 
Marshall, K. I. 

Paukner, G., et ah 
Bayha, H., ei ah 
Seipp, F. 

Woodstock, W. H., et ah 
Dutoit, P. 

Rohre, K., et ah 
Southgate, G. T. 

Noyes, H. F. 

Waggaman, W. H., et ah 
Neumark, M.., et ah 
Wintermute, H. A. 
Meston, A. F. 

Lehrecke, H. 

Skinner, L. B. 

Curtis, H. A., et ah 
Curtis, H. A. 
Wintermute, H. A> 
Beran, V. 

Deutsch, W. 

Meston, A. F. 

Rue, 0, P. 

Anderson, E. 
Wintermute, H. A. 
Heinrich, R. 

Buford, E. H. 

Pernert, J. C. 

EeWitte, T. W, 

Hurd, L. C. 

Kerschbaum, F. P., et al. 
Klugh, B. G. 

Conradi, L. A., et ah 
Pike, R. D. 

THE Oxidation of Phosphobus 
Patentee 

Schmitz, F. C. 
Hechenbleikner, I. 

Davis, J. D. 

Klugh, B G. 
Hechenbleikner, I. 
Liljenroth, F. G. 
do 

Boynton, A. J. 
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TABLE 15 — Concluded 


Patent No. 

Date 

Patentee 

1,668,539 

May 1, 1928 

Larsson, M, 

1,673,691 

June 12, 192S 

Liljenrotb, F. G. 

1,698,484 

Jan. 8, 1929 

Urbain, E. 

1,7W,708 

Jan. 29, 1929 

Pistor, G., al. 

1,732,373 

Oct. 22, 1929 

Mittasch, A., ei al. 

1,756,429 

Apr. 29, 1930 

Larsson, M. 

1,797,726 

Mar. 24, 1931 

do 

1,815,581 

July 21, 1931 

Panckner, G., ei al. 

1,818,644 

Aug. 11, 1931 

Noyes, H. F., et al. 

1,823,923 

Sept. 22, 1931 

Wild, W., et al 

1,848,295 

Mar. 8, 1932 

Ipatieff, W. N. 

1,856,144 

May 3, 1932 

Wietzel, G., et al. 

1,879,189 

Sept. 27, 1932 

Gooch, S. B., ei al. 

1,895,329 

Jan. 24, 1933 

Ipatieff, W., et al 

1,916,594 

July 4, 1933 

Weitzel, G., et al. 

1,991,916 

Feb. 19, 1935 

Zinn, Robt. E. 

2,107,857 

Feb. 8, 1938 

Emmett, P. H. 

2,110,870 

Mar. 15, 1938 

Curtis, H. A. 

2,113,574 

Apr. 12, 1938 

do 

2,125,297 

Aug. 2, 1938 

Junkins, J. N. 

2,132,360 

Oct. 4, 1938 

Merchant, M. H. 

2,132,592 

Oct. 11, 1938 

Wells, J. E., et al. 

2,221,770 

Nov. 19, 1940 

Almond, L. H. 

2,247,373 

July 1, 1941 

Hartford, C. E., aL 

2,272,402 

Feb, 10, 1942 

BuBois, G. 

2,272,414 

do 

McCullough, 0. R. 

2,374,188 

Apr. 24, 1945 

Frear, G. L. 

2,499,374 

Mar. 7, 1950 

Elmore, K. L. 

2,499,424 

do 

Shultz, J. F. 

Table 16. U. 

S. Patents on the Manufacture op Phosphoric Acid 
Sulfuric Acid or “Wet Process*^ 

Patent No. 

Date 

Patentee 

137,635 

Apr. 8, 1873 

Storck, H., et al. 

276,143 

Apr. 17, 1883 

Knight, J, J. 

459,575 

Sept. 15, 1891 

Glaser, C. 

629,996 

Aug. 1, 1899 

Holtmann, J. 

917,502 

Apr. 6, 1909 

Strickle 

1,018,746 

Feb. 27, 1912 

Bittmar, M. 

1,083,429 

Jan. 6, 1914 

Brunschwig, F. 

1,499,611 

July 1, 1924 

Graven, J.H. 

1,590,655 

June 29, 1926 

Spicer, H. N. 

1,648,137 

Nov. 8,1927 

Larison, E. L. 

1,655,019 

Jan. 3, 1928 

Mantius, 0. 

1,663,734 

Mar. 27, 1928 

Stroder, E. 

1,667,549 

Apr. 24, 1928 

Hechenbleikner, I. 

1,688,679 

Oct. 23, 1928 

Baum, G. 

1,690,363 

Nov, 6, 1928 

Egleson, J. E. 

1,695,619 

Bee. 18,1928 

Trautman, 0. C. 
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Table 16 — Concluded 

Patent No. 

Date 

Patentee 

1,702,192 

Feb. 12, 1929 

Bloomfield, A. L,, et al. 

1,702,193 

do 

do 

1,718,871 

June 25, 1929 

Nordell, C. H. 

1,756,637 

Apr. 29, 1930 

Edwards, E. S. 

1,765,252 

June 17, 1939 

Vernay, J. B, 

1,770,367 

July 8, 1930 

Edwards, R. S. 

1,776,595 

Sept. 23, 1930 

Nordengren, S. G. 

1,787,101 

Dec. 30, 1930 

Branwell, F. H. 

1,790,220 

Jan. 27, 1931 

Balz, 0., et al. 

1,836,694 

Dec. 15, 1931 

Wadsted, B. 

1,838,431 

Dec. 29, 1931 

Milligan, C. H. 

1,850,017 

Mar. 15, 1932 

Lehrecke, H. 

1,851,179 

Mar. 29, 1932 

Hechenbleikner, I. 

1,857,470 

Mar. 10, 1932 

Milligan, C. H., et al. 

1,860,527 

May 31, 1932 

Bryan, C. S. 

1,889,949 

Dec. 6, 1932 

Clark, C. B. 

1,894,514 

Jan. 17, 1933 

Hechenbleikner, I. 

1,902,648 

Mar. 21, 1933 

Larsson, M. 

1,916,431 

July 4, 1933 

Larsson, M. 

1,929,441 

Oct. 10, 1933 

Milligan, C. H. 

1,929,442 

do 

do 

1,929,443 

do 

do 

1,940,689 

Dec. 26, 1933 

Moore, G. F. 

1,944,048 

Jan. 16, 1934 

Walker, G. E., et al. 

1,969,449 

Aug. 7, 1934 

Bryan, C. S. 

1,981,145 

Nov. 20, 1934 

Keller, C.H. 

2,013,970 

Sept. 10, 1935 

Moore, G. F. 

2,049,032 

July 28, 1936 

Weber, W. C., et al. 

2,064,833 

Dec. 22, 1936 

Howard, H. 

2,169,588 

Aug. 15, 1939 

Malawan, J. E. 

2,169,589 

do 

do 

2,384,773 

Sept. 11, 1945 

Shoeld, M. 

2,384,813 

Sept. 18, 1945 

Coleman, J. H. 

2,384,814 

do 

do 

2,504,544 

Apr. 18, 1950 

Legal, C. C., Jr., et al. 

2,531,977 

Nov. 28, 1950 

Hammaran, B. W., et al. 

Table 17. U. 

S. Patents on the Purification of Phosphoric Acid for Food 
AND Chemical Purposes 

Patent No. 

Date 

Patentee 

14,722 

Apr. 22, 1856 

Horsford, E. N. 

75,271 

Mar. 10, 1868 

Horsford, E. N., aL 

75,272 

do 

do 

75,332 

do 

Wilson, G. F. 

75,338 

do 

do 

75,339 

do 

do 

76,763 

Apr. 14, 1868 

Horsford, E. N. 

130,298 

Aug. 6, 1872 

do 

132,298 

Oct. 16, 1872 

Lesner, A. C. 
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Table 17 — Cmtinued 


Patent No. 

Date 

Patentee 

137,635 

July 1, 1873 

Storck, H., el fltl. 

164,457 

June 15, 1875 

Jas, A. 

418,259 

Dec. 31, 1889 

Winssinger, C. E. D. 

446,815 

Feb. 17, 1891 

Glaser, C. 

598,182 

Feb. 1, 1898 

Poole, H. 

1,018,746 

Feb, 27, 1912 

Dittmar, M. 

1,083,429 

Jan. 6, 1914 

Brunschwig, F. 

1,149,233 

Aug. 10, 1915 

Washburn, F. S. 

1,283,398 

Oct. 29, 1918 

Carothers, J. N., et ul. 

1,329,273 

Jan. 27, 1920 

Ross, W. H. 

1,383,990 

July 5, 1921 

Kelly, A. 

1,451,786 

Apr. 17,1923 

Ross, W. H., et al. 

1,487,205 

Mar. 18, 1924 

Carothers, J. N., el al. 

1,493,099 

May 6, 1924 

Bramson, C. 

1,493,100 

do 

do 

1,499,611 

July 1, 1924 

Graven, J. H. 

1,511,929 

Oct. 14, 1924 

Alcock, H. E. 

1,538,089 

May 19, 1925 

Carothers, J. N., el oL 

1,538,910 

May 26, 1925 

Stokes, W. E. 

1,544,911 

July 7, 1925 

Laist, F. 

1,562,818 

Nov. 24, 1925 

Wolfes, 0. 

1,597,984 

Aug. 31,1926 

La Bour, H. E. 

1,601,208 

Sept. 28, 1926 

Gerber, A. B. 

1,648,137 

Nov. 8, 1927 

Larison, E. L. 

1,648,146 

do 

Pevere, E. F., et al. 

1,688,822 

Oct. 23, 1928 

Hoffman, P. C., et al. 

1,692,787 

Nov. 20, 1928 

Pistor, G., et al. 

1,744,371 

Jan. 21, 1930 

Draisbach, F. 

1,746,905 

Feb. 11, 1930 

Pike, R. D., et al. 

1,777,548 

Oct. 7, 1930 

Booth, C. F. 

1,785,473 

Dec, 16, 1930 

Adler, H., el al. 

1,787,192 

Dec. 30, 1930 

Fiske, A. H. 

1,788,952 

Jan. 13, 1931 

Holz, A. 

1,818,114 

Aug. 11, 1931 

Carothers, J. N., et al. 

1,856,144 

May 3, 1932 

Weitzel, G., el al. 

1,858,293 

May 10, 1932 

Fiske, A. H., el al. 

1,873,457 

Aug. 23, 1932 

Muller, W., el al. 

1,889,929 

Dec. 6, 1932 

Moore, G. F. 

1,894,289 

Jan. 17, 1933 

Wood, B. F. 

1,901,020 

Mar. 14, 1933 

Booth, C. F. 

1,929,476 

Oct. 10, 1933 

do 

1,951,077 

Mar. 13, 1934 

Woodstock, W. H. 

1,968,544 

July 31, 1934 

Vana, C. A. 

1,972,196 

Sept. 4, 1934 

Larison, E. L. 

2,003,051 

May 28, 1935 

Knox, W. H., Jr. 

2,028,632 

June 21, 1936 

Taylor, G, E, 

2,035,850 

Mar. 31, 1936 

Vivian, R. E. 

2,057,956 

Oct. 2^, 1936 

Kaselitz, 0. 

2,079,847 

May 11, 1937 

Fiske, A. H, 
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Ta3le 17 — Concluded 


Patent No. 

Date 

Patentee 

2,081,351 

May 25, 1937 

Booth, C. F. 

2,095,994 

Oct. 19, 1937 

Macintire, W. H. 

2,121,208 

June 21, 1938 

Milligan, C. H. 

2,123,554 

July 12, 1938 

Klosky, S. 

2,123,785 

do 

Knox, W. H., et al. 

2,128,182 

Aug. 23, 1938 

Fiske, A. H. 

2,130,579 

Sept. 20, 1938 

Bowman, F. C. 

2,132,349 

Oct. 4, 1938 

Booth, C. F. 

2,160,700 

May 30, 1939 

Knox, W. H. 

2,160,701 

do 

do 

2,165,100 

July 4, 1939 

Hettrick, A. B. 

2,174,158 

Sept. 26, 1939 

Kepfer, R. J., et al. 

2,202,526 

May 28, 1940 

Hixon, A. W., et al. 

2,220,818 

Nov. 5, 1940 

Jelen, F. C. 

2,271,361 

Jan. 27, 1942 

Carpenter, F. B., Jr. 

2,272,617 

Feb. 10, 1942 

Cox, E., et al. 

2,287,264 

June 23, 1942 

Ogburn, S. C. 

2,287,683 

do 

Hurka, R. J. 

2,288,460 

do 

Kane, J. H., et al. 

2,288,752 

July 7, 1942 

Simpson, G. S. 

2,302,956 

Nov. 24, 1942 

Retaillian, E. 

2,312,047 

Feb. 23, 1943 

Ogburn, S. C., Jr. 

2,338,407 

Jan. 4, 1944 

Coleman^^J. H., et al. 

2,338,408 

do 

do 

2,343,456 

Mar, 7, 1944 

Henniger, A. H. 

2,384,813 

Sept. 18, 1945 

Coleman, J. H. 

2,384,814 

do , 

do 

2,405,884 

Aug. 13, 1946 

Greger, H. H. 

2,415,797 

Feb. 11, 1947 

Low, F. S. 

2,492,714 

Dec. 27, 1949 

Singer, M. R. 

2,493,915 

Jan. 10, 1950 

Cross, R. 

2,514,973 

July 11, 1950 

Robinson, W. L. 


Table 18. U. S. Patents on the Manufacture of Superphosphate and 
Analogous Products 


Patent No. 

Date 

Patentee 

16,882 

Mar. 24, 1857 

Reid, L. 

34,825 

Apr. 1,1862 

Gallicher, J. M. 

38,040 

Mar. 31, 1863 

Gale, L. D. 

41,428 

Feb. 2, 1864 

Harper, L. 

41,663 

Feb. 16, 1864 

Hayes, A. A. 

42,006 

Mar. 22, 1864 

Liebig, G. A. 

46,700 

Mar. 7, 1865 

Potts, R. B. 

59,978 

Nov. 27, 1866 

Figaniere, A. de 

75,325 

Mar. 10,1868 

Wilson, G. F. 

75,327 

do 

do 

86,289 

Jan. 26, 1869 

Duvall, A. 

90,367 

May 25,^1869 

Lalor,W. 
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Table 18 — Cmtinmd 


Patent No. 

Date 

Patentee 

100,729 

Mar. 15, 1870 

Commins, J. 

105,319 

July 12, 1870 

Duvall, A. 

106,147 

Aug. 9, 1870 

Frank, E., el ol* 

110,084 

Jan. 17, 1870 

Spense, P. 

113,416 

Apr. 4, 1871 

Forbes, D., et aL 

125,613 

Apr. 9, 1872 

Pratt, N. A. 

126,904 

May 21, 1872 

do 

128,752 

July 9, 1872 

Pratt, N. A,, et al. 

173,621 

Feb. 15, 1876 

Griffith, A. G. 

211,238 

Jan. 7, 1879 

Jugmanson, J. 

246,121 

Aug. 23, 1881 

Graff, h. 

252,029 

Jan. 10, 1882 

Gibbons, J. F., et aL 

276,143 

Apr. 17, 1883 

Knicht, J. J. 

278,383 

May 29, 1883 

Young, J. R. 

278,480 

do 

do 

281,635 

July 17, 1883 

Koefoed, A. H. 

301,348 

July 1, 1884 

Liebig, G., et aL 

302,266 

July 22, 1884 

do 

305,249 

Sept. 16, 1884 

Stillman, T. B., el aL 

317,010 

May 5, 1885 

Pierce, W. S. 

322,698 

July 21, 1885 

Dibben, F., el al. 

371,083 

Jftt. 4, 1887 

Lord, V. 

374,201 

loec. 6, 1887 

Petraeus, C. V. 

382,604 

May 8, 1888 

Goodale, S. L. 

395,532 

Jan. 1, 1889 

Williams, W. J. 

407,240 

July 16, 1889 

Powter, N. 

407,241 

do 

do 

445,255 

Jan. 27, 1891 

Seal, W. B. 

445,567 

Feb. 3, 1891 

Memminger, C. G. 

446,998 

Feb. 24, 1891 

Van Ruymbeke, J, 

484,631 

Oct. 18, 1892 

Dunne, J. J. 

494,940 

Apr. 4, 1893 

Rissmuller, L. 

496,687 

May 2, 1893 

Hoffman, P. C. 

515,708 

Feb. 27, 1894 

Gregory, J. 

620,443 

Feb. 28, 1899 

Goldsmith, W. L. 

683,014 

Sept. 24, 1901 

Augstadt, W. B., ei al. 

690,049 

Dec. 31, 1901 

Cheeseman, L. 

703,295 

June 24, 1902 

Newport, R. B. 

709,185 

Sept. 16, 1902 

Terne, Bruno 

731,461 

June 23, 1903 

Jarecke, A. K. 

736,730 

Aug. 18, 1903 

Hoyerman, G. 

789,647 

May 9, 1905 

Arens, R. 

897,695 

Sept. 1, 1908 

Young, J. R. 

911,283 

Sept. 3, 1908 

do 

995,028 

Sept. 30, 1910 

Newberry, S. B,, et al. 

997,968 

July 18, 1911 

Cusatelli, G. 

1,003,681 

Sept. 19,1911 

Williams, R- 

1,014,255 

Jan. 9, 1912 

Pratt, N. P. 
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Table 18 — Continued 


Patent No. 

Date 

Patentee 

1,020,153 

Mar. 12, 1912 

Newberry, S. B,, et 

1,024,880 

Apr. 30, 1912 

Coates, L. R. 

1,034,090 

July 30, 1912 

Dunham, H. V. 

1,093,141 

Apr. 14, 1914 

Lynen, G. H. 

1,100,638 

June 16, 1914 

Washburn, F. S. 

1,103,115 

July 14, 1914 

do 

1,105,304 

July 28, 1914 

Reed, E. W. 

1,137,531 

Apr. 27, 1915 

Pratt, G. L. 

1,168,255 

Jan. 11, 1916 

Herzka, E. 

1,246,636 

Nov. 13, 1917 

Meyers, H. H. 

1,255,829 

Feb. 5, 1918 

Blumenberg, H,, Jr. 

1,375,115 

Apr. 19, 1921 

Shoeld, M, 

1,376,612 

May 12, 1921 

Forbis, R. E. 

1,383,911 

July 5, 1921 

Doyle, W. T. 

1,383,912 

do 

do 

1,385,126 

July 19, 1921 

Gaston, R. T. 

1,398,816 

Nov. 29, 1921 

Tuttle, A. L. 

1,401,527 

Dec. 27, 1921 

Doyle, W. T. 

1,403,820 

Jan. 17, 1922 

Sturtevant, T. J. 

1,413,048 

Apr. 18, 1922 

Matheson, A. 

1,428,920 

Sept. 12, 1922 

Sturtevant, T, J. 

1,428,921 

do 

do 

1,428,922 

do 

do 

1,430,621 

Oct. 3, 1922 

Bruhn, G. A. 

1,439,054 

Dec, 19, 1922 

Armstrong, E. H. 

1,459,124 

June 19, 1923 

Webster, H. A. 

1,461,077 

July 10, 1923 

do 

1,485,406 

Mar. 4, 1924 

Meyers, H. H. 

1,576,022 

Mar. 9, 1926 

Armstrong, E. H. 

1,585,810 

May 25, 1926 

Williams, F. W. R. 

1,604,359 

Oct, 26, 1926 

Larison, E. L. 

1,675,871 

July 3, 1928 

Wever, F. M. 

1,725,694 

Aug. 20, 1929 

Baker, D. L. 

1,761,991 

June 3, 1930 

Ober, B. 

1,761,992 

do 

do 

1,773,287 

Aug. 19, 1930 

Sturtevant, T. J. 

1,782,821 

Nov. 25, 1930 

Hechenbleikner, I. 

1,837,283 

Dec. 22, 1931 

Ober, B., et al. 

1,837,284 

do 

do 

1,837,304 

do 

Wight, E. H. 

1,837,305 

do 

Wight, E. H., et al. 

1,837,307 

do 

do 

1,837,328 

do 

Ober, B., et al. 

1,837,329 

do 

do 

1,837,331 

do 

do 

1,837,332 

do 

do 

1,865,383 

June 28, 1932 

do 

1,867,866 

July 19, 1932 

do 
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Table 18 — Concluded 


Patent No. 

Date 

Bitentee 

1,869,272 

July 26, 1932 

do 

1,869,941 

Aug. 2, 1932 

do 

1,869,962 

do 

Anderson, B. L. 

1,870,278 

Aug, 9, 1932 

Broadfield, M. B. 

1,870,602 

do 

Case, A. H. 

1,871,416 

do 

Broadfield, M. B, 

1,879,435 

Sept. 27, 1932 

Qber, B., et al, . - 

1,8'S0,'470 

Oct. 4, 1932 

do 

1,880,544 

do 

Waggaman, W. H, 

1,893,437 

Jan, 3, 1933 

Ober, B., et al. 

1,929,710 

Oct. 10, 1933 

Ober, B., et al. 

1,959,973 

May 22, 1934 

Wem8h,B. 

1,982,479 

Nov. 27, 1934 

Ober, B., et al. 

1,982,480 

do 

Pfaff, G. C. 

1,986,293 

Jan. 1, 1935 

Shoeld, M. 

2,010,579 

Aug. 6, 1935 

Broadfield, M. B. 

2,016,384 

Sept. 24, 1935 

Nordengren, S. G. 

*2,021,671 

Nov. 19, 1935 

Skinner, B. B. 

2,040,081 

May 12, 1936 

Curtis, H. A. 

2,075,801 

Apr. 6, 1937 

do 

2,100,583 

Nov. 30, 1937 

Wilson, A. 

2,106,223 

Jan. 25, 1938 

Nordengren, S. G. 

2,115,150 

Apr. 26, 1938 

Seyfried, W. R. 

2,136,793 

Nov. 15, 1938 

Gabeler, W. C., ei al. 

2,148,209 

Feb. 21, 1939 

Loisean, K., et al. 

2,213,243 

Sept. 3, 1940 

Facer, J. L. H. 

2,232,145 

Feb. 18, 1941 

Shoeld, M. 

2,233,956 

Mar. 4, 1941 

Moore, G. F. 

2,248,514 

July 8, 1941 

Shoeld, M. 

2,248,515 

do 

do 

2,268,816 

Jan. 6, 1942 

Gabeler, W. H„ et al. 

2,308,220 

Jan. 12, 1943 

Waggaman, W. H. 

2,384,773 

Sept. 11, 1945 

Shoeld, M. 

2,414,701 

Jan. 21, 1947 

do 

2,416,663 

Feb. 25, 1947 

Menefee, A. B., et al. 

2,418,203 

Apr. 1, 1947 

‘ Stauffer, J., Jr. 

2,442,513 

June 1, 1948 

Sackett, W. J. 

2,448,126 

Aug. 31, 1948 

Shoeld, M. 

2,504,546 

Apr. 18, 1950 

Wight, E. H., et al. 

2,515,163 

July 11, 1950 

Mohr, A. C. 

2,528,514 

Nov. 7, 1950 

Harvey, S. A., et al. 

2,531,798 

Nov. 28, 1950 

Werner, E. A. 

Table 18-A. U. 

S. Patents on Concentkated or Triple Superphosphate 

Patent No. 

Date 

Ritentee 

389,566 

Sept. 18, 1888 

Glaser, W. 

417,820 

Bee. 24, 1889 

do 

459,575 

Sept, 15, 1891 

do 
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Table 18A — Concluded 


Patent No. 

Date 

Patentee 

631,181 

Aug. 15, 1899 

Schuler, G. 

655,458 

Aug. 7, 1900 

Saxl, H. 

1,078,887 

Nov., 1913 

Wilson, T. L., et al. 

1,083,429 

Jan. 6, 1914 

Brunswig, F. 

1,351,672 

Aug. 31, 1920 

Meigs, C. C. 

1,470,968 

Oct. 16, 1923 

Gooch, S. D. 

1,475,959 

Dec. 4, 1923 

Meyers, H. H. 

1,604,359 

Oct. 26, 1926 

Larison, E. L. 

1,668,464 

Mayl, 1928 

Pease, E. L. 

1,706,101 

Mar. 19, 1929 

Blumenberg, A. H. 

1,780,620 

Nov. 4, 1930 

King, W. B. 

1,790,502 

Jan. 27, 1931 

Hechenbleikner, I. 

1,823,923 

Sept. 22, 1931 

Wild, W., et al. 

1,837,285 

Dec. 22, 1931 

Ober, B., et al. 

1,837,330 

do 

do 

1,851,210 

Mar. 29, 1932 

Palazzo, F. C., et al. 

1,869,879 

Aug. 2, 1932 

Balz, 0., et al. 

1,869,952 

do 

Anderson, D. L. 

1,879,435 

Sept. 27, 1932 

Ober, B., et al. 

1,880,470 

Oct. 4, 1932 

do 

1,891,007 

Dec. 13, 1932 ^ 

Palazzo, F. C., et al. 

1,929,452 

Oct. 10, 1933 

Sebastian, R. L. 

2,067,538 

Jan. 12, 1937 

Macintire, W. H. 

2,070,582 

Feb. 16, 1937 

Curtis, H. A. 

2,072,980 

do 

do 

2,086,565 

July 13, 1937 

Macintire, W. H. 

2,095,460 

Sept. 21, 1937 

do 

2,093,461 

do 

do 

2,137,674 

Nov. 22, 1938 

do 

2,143,025 

Jan. 10, 1939 

Newton, R. H. 

2,361,444 

Oct. 31, 1944 

Zbornik, T. W. 

2,522,500 

Sept. 19, 1950 

Bridger, G. L. 

Table 19. U. 

S. Patents on Ammonium Phosphates and Ammoniated 
Superphosphates 

Patent No. 

Date 

Patentee 

39,519 

Aug. 11, 1863 

Wilson, G. F. 

77,840 

May 12, 1868 

Ramsburgh, J. S. 

78,730 

June 9, 1868 

Fales, L. S. 

100,457 

Mar. 1,1870 

Shepard, C. U., Jr. 

100,729 

Mar. 15, 1870 

Commins, J. 

110,084 

Dec. 13, 1870 

Spense, Peter 

135,995 

Feb. 18, 1873 

McDougall, John 

156,181 

Oct. 20, 1874 

Siebel, J. E. 

206,070 

July 16, 1878 

Boykin, T. J., et al. 

450,253 

Apr. 14, 1891 

Reese, J. 

450,255 

do 

do 

709,185 

Sept, 16, 1902 

Terne, Bruno 
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Table 19 — Continued 


Patent No. 

Date 

Patentee 

897,695 

Sept. 1, 1908 

Young, J. E. 

1,001,350 

Aug. 22, 1911 

Caro, N., ef aL 

1,036,896 

Aug. 27,1912 

Peacock, S. 

1,040,081 

Oct. 1, 1912 

Willson, T, li., et aL 

1,062,869 

May 27, 1913 

do 

1,100,638 

June 16, 1914 

Washburn, F. S. 

1,103,115 

July 14, 1914 

do 

1,112,183 

Sept. 29, 1914 

Willson, T- L., et al. 

1,115,044 

Oct. 27, 1914 

Washburn, F. S. 

1,122,183 

Sept. 29, 1914 

Willson, T. If., ei aL 

1,127,840 

Feb. 9, 1915 

do 

1,142,068 

June 8, 1915 

Washburn, F. S. 

1,145,107 

July 6, 1915 

Willson, T. L., et aL 

1,146,222 

July 13, 1915 

do 

1,151,074 

Aug. 24, 1915 

Washburn, F. S. 

1,151,633 

Aug. 31, 1915 

do 

1,161,473 

Nov. 23, 1915 

Haff, M. M., ci ul 

1,166,104 

Dec. 28, 1915 

Willson, T. If., et al. 

1,167,788 

Jan. 11, 1916 

Washburn, F. S. 

1,194,077 

Aug. 8, 1916 

Eoss, W. H., ef al. 

1,196,910 

Sept. 5, 1916 

Washburn, F. S. 

1,208,877 

Dec. 19, 1916 

Wollenweber, W. 

1,251,742 

Jan. 1, 1918 

Blumenberg, H., Jr. 

1,252,318 

do 

do 

1,258,106 

Mar. 5, 1918 

Gardiner, E. F. 

11,264,513 

Apr. 30, 1918 

Hechenbleikner, I. 

1,264,514 

do 

do 

1,276,870 

Aug. 27, 1918 

Cameron, F. K. 

1,280,650 

Oct. 8, 1918 

Bosch, C. 

1,355,369 

Oct. 12, 1920 

Washburn, F. S. 

1,357,120 

Oct. 26, 1920 

Sadtler, S. S. 

1,367,846 

Feb. 8, 1921 

Washburn, F. S. 

1,369,763 

Feb. 22, 1921 

Hetherington, H. C., et al. 

1,417,248 

May 23, 1922 

Husson, J. 

1,418,618 

June 6, 1923 

Butt, G. A. 

1,456,850 

May 29, 1924 

Hazen, Wm., et al. 

1,514,912 

Nov. 11, 1924 

Klugh, B. G. 

1,601,233 

Sept. 28, 1926 

Blumenberg, H., Jr. 

1,610,109 

Dec. 7, 1926 

Peas, E. L., fii aL 

1,628,792 

May 17, 1927 

Larison, E. L., cf al. 

1,659,198 

Feb. 14, 1928 

Griessbach, E., et al. 

1,670,504 

May 22, 1928 

do 

1,716,415 

June 11, 1929 

Buchanan, G. H. 

1,758,448 

May 13, 1930 

Liljenroth, F. G. 

1,761,400 

June 3, 1930 

do 

1,785,375 

Dec. 16, 1930 

Buchanan, G. H. 

1,790,503 

Jan. 27, 1931 

Hechenbleikner, I. 

1,809,473 

June 9, 1931 

Colbjornsen, B. 
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Table 19 — Concluded 


Patent No. 

Date 

Patentee 

1,822,040 

Sept. 8, 1931 

Klugh, B. G., et al. 

1,826,785 

Oct. 13, 1931 

Holz, August 

1,834,418 

Dec. 1, 1931 

Pevere, E. F. 

1,835,441 

Dec. 8, 1931 

Suchy, R., et al. 

1,855,856 

Apr. 26, 1932 

Hansen, C. J. 

1,856,187 

May 3, 1932 

Johnson, E. 

1,859,835 

May 24, 1932 

Mitteau, F. 

1,866,564 

July 12, 1932 

Hanson, C. J. 

1,867,866 

July 19, 1932 

Ober, B., et al. 

1,869,272 

July 26, 1932 

do 

1,871,195 

Aug. 9, 1932 

do 

1,876,011 

Sept. 6, 1932 

Larsson, M. 

1,876,501 

do 

Johnson, E. 

1,878,997 

Sept. 27, 1932 

Adelantalo, L. 

1,879,204 

do 

Guillissen, J. 

1,880,469 

Oct. 4, 1932 

Ober, B., et al. 

1,884,105 

Oct. 25, 1932 

Moore, H. C. 

1,884,751 

do 

Krase, H. J. 

1,907,438 

May 9, 1933 

Ober, B., et al. 

1,913,539 

June 13, 1933 

Friedrich, H. 

1,913,791 

do 

Larsson, M. 

1,916,429 

July 4, 1933 

do 

1,945,914 

Feb. 6, 1934 

Reubke, Emil 

1,949,129 

Feb. 27, 1934 

Oehme, Hermann 

1,960,184 

May 22, 1934 

Sackett, A. J. 

1,969,894 

Aug. 14, 1934 

Liljenroth, F. G. 

1,998,631 

Apr. 23, 1935 

Tramm, H., efaZ. 

1,999,026 

do 

do 

2,019,713 

Nov. 5, 1935 

Lawrence, C. K. 

2,022,050 

Nov. 26, 1935 

Levermore, C. H. 

2,037,706 

Apr. 21, 1936 

Curtis, H. A. 

2,040,563 

May 12, 1936 

Phillips, J. J. 

2,051,029 

Apr. 18, 1936 

Curtis, H. A. 

2,053,432 

Sept. 8, 1936 

Harvey, E. W. 

2,353,658 

July 18, 1944 

Fox, E. J. 

2,415,464 

Feb. 11, 1947 

Crittenden, E. D. 

2,504,545 

Apr. 18, 1950 

Waring, C. E., et al. 


Table 20. U. S. Patents on Teeatment of Phosphate Rock with Acids other 

THAN Sulfuric Acid 


Patent No. 

Date 

Patentee 

49,831 

Sept. 5, 1865 

Liebig, G. A. 

75,271 

Mar. 10,1868 

Horsford, E. N. 

75,272 

do 

do 

75,335 

do 

Wilson, G. F. 

75,339 

do 

do 

76,763 

Apr. 14, 1868 

Horsford, E N. 

140,559 

July 1,1873 

Tanner, B. 
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Table 20 — Continued 


Patent No. 

Date 

Patentee 

164,457 

June 15, 1875 

Jas, A. 

196,881 

Nov. 6, 1877 

Designolle, G. L. G. 

279,445 

June 12, 1883 

Schribler, C. 

281,635 

July 17, 1883 

Koefoed, A. H. 

283,427 

Aug. 21, 1883 

Scribner, B. A. 

389,566 

Sept, 18, 1888 

Glaser, C. 

417,820 

Dec. 24, 1889 

do 

504,453 

Sept. 5, 1893 

Meyer, T. 

631,181 

Aug. 15, 1899 

Schuler, G. 

657,717 

Sept. 11, 1900 

Wharton, J. C. 

789,647 

May 9, 1905 

Arens, R. 

852,371 

Apr. 30, 1907 

Bergman, E. 

852,372 

do 

do 

872,757 

Dec. 3, 1907 

Schlutius, J. 

902,425 

Oct. 27, 1908 

Machalske, F. J. 

995,894 

June 20, 1911 

Palmaer, W. 

936,317 

Oct. 12, 1909 

Halvorsen, B. F. 

997,968 

July 18, 1911 

Cusatelli, G. 

1,011,909 

Dec. 19, 1911 

Bretteville, A. 

1,018,746 

Feb. 27, 1912 

Dittmar, M. 

1,020,153 

Mar. 12, 1912 

Newberry, S. B., et al. 

1,036,909 

Aug. 27, 1912 

Saarbach, L. 

1,057,876 

Apr. 1, 1913 

Peacock, S. 

1,058,037 

Apr. 8, 1913 

Collett, E. 

1,058,145 

do 

Braun, F. W. 

1,078,887 

Nov. 18, 1913 

Willson, T. L., et al. 

1,083,429 

Jan. 6, 1914 

Brunschwig, F. 

1,235,025 

July 31, 1917 

Glaeser, W. 

1,246,636 

Nov. 13, 1917 

Meters, H. H. 

1,251,741 

Jan. 1,1918 

Blumenberg, H., Jr. 

1,292,293 

Jan. 21, 1919 

Foss, A. 

1,297,464 

Mar. 18, 1919 

Hechenbleikner, I, 

1,313,379 

Aug. 19, 1919 

do 

1,326,533 

Dec. 30, 1919 

Sadtler, S. S. 

1,350,591 

Aug. 24, 1920 

Carothers, J. N. 

1,383,990 

July 5, 1921 

Kelly, A. 

1,428,259 

Sept. 5, 1922 

Rusberg, F. 

1,447,544 

Mar. 6, 1923 

Glaser, W. 

1,475,959 

Dec. 4, 1923 

Meyers, H. H. 

1,485,406 

Mar. 4, 1924 

do 

1,517,687 

Dec. 2, 1924 

Voerkelius, G. A. 

1,530,397 

Mar. 17, 1925 

Oden, S. L. A., et aL 

1,583,054 

May 4, 1926 

Klugh, B. G. 

1,591,270 

July 6, 1926 

Blumenberg, H., Jr. 

1,591,271 

do 

do 

1,591,272 

do 

do 

1,609,239 

Nov. 30, 1926 

do 

1,753,478 

Apr. 8, 1930 

Pike, R. D, 
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Patent No. 

Date 

Patentee 

1,786,097 

Dec. 23, 1930 

TMo, E. 

1,788,952 

Jan. 13, 1931 

Holz, August 

1,806,029 

May 19, 1931 

Thorssell, C. T. 

1,810,858: 

June 16, 1931 

Thorssell, C. T., et aL 

1,814,916 

July 14, 1931 

Haekl, H. 

1,816,285 

July 28, 1931 

Johnson, E. 

1,819,464 

Aug. 18, 1931 

Holz, A. 

1,821,309 

Sept. 1, 1931 

Johnson, E. 

1,821,653 

do 

Larsson, M. 

1,821,859 

do 

Thorssell, T., et aL 

1,833,680 

Nov. 24, 1931 

Kaselitz, 0., et al. 

1,834,454 

Dec. 1, 1931 

Johnson, E. 

1,834,455 

do 

do 

1,849,703 

Mar. 15, 1932 

Boiler, E. R. 

1,849,704 

do 

do 

1,854,291 

Apr. 18, 1932 

Burdick, C. L. 

1,856,187 

May 3, 1932 

Johnson, E. 

1,857,296 

May 10, 1932 

Eyer, C., et al. 

1,859,738 

May 24, 1932 

Johnson, E. 

1,902,652 

Mar. 21, 1933 

Liljenroth, F. G. 

1,903,684 

Apr. 11, 1933 

Palazzo, F. C., 

1,905,930 

Apr. 25, 1933 

McCallum, A. Ir., et al. 

1,969,951 

Aug. 14, 1933 

Seyfried, W. R. 

1,983,024 

Dec. 4, 1934 

Foss, A. 

> 1,994,070 

Mar. 12, 1935 

do 

2,036,244 

Apr. 7, 1936 

Wadsted, B., et al. 

2,048,658 

July 21, 1936 

Jannek, T. 

2,061,639 

Nov. 24, 1936 

Seyfried, W. R. 

2,114,600 

Apr. 19, 1938 

Larsson, M. 

2,134,013 

Oct. 25, 1938 

Turrentine, J. W. 

2,143,438 

Jan. 10, 1939 

Fox, F. J. 

2,170,843 

Aug. 29, 1939 

Turrentine, J. W. 

2,173,825 

Sept. 26, 1939 

Curtis, H. A., et al. 

2,173,826 

do 

do 

2,211,918 

Aug. 6, 1940 

Turrentine, J. W. 

2,252,280 

Aug. 12, 1941 

Balz, 0., et al. 

2,252,281 

do 

do 

2,384,856 

Sept. 18, 1945 

Teneyck, H. S., et al. 

2,504,446 

Apr. 18, 1950 

Plusje, M. H. R, J. 

Table 21. U- S. 

Patents on Phosphates Containing Two ob Mobe FERTiLtzER 
Ingredients 

Patent No. 

Date 

Patentee 

16,111 

Nov. 25, 1856 

Bickell, C. 

16,882 

Mar. 24, 1857 

Reid, L. 

26,196 

Nov. 22, 1859 

Mapes, J. J. 

' 34,825 

Apr. 1, 1862 

Gallacher, J. M. 

35,417 

May 27, 1862 

Harper, L. McA. 
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Table 21 — Cmiinmd 


Patent No. 

Ebite 

Patentee 

38,040 

Mar. 31, 1863 

Gale, L. B. 

41,428 

Feb. 2, 1864 

Harper, L. 

41,663 

Feb. 16, 1864 

Hayes, A. A, 

49,891 

Sept. 12, 1866 

Klett, F. 

61,870 

Feb. 6, 1867 

Reimer, F. 

72,026 

Bee. 10, 1867 

Grimes, W. C. 

76,336 

Mar. 10, 1868 

Wilson, G. F., ah 

77,840 

May 12, 1868 

Ramsburgb, J. S. 

78,730 

June 9, 1868 

Fales, L. S. 

88,443 

Mar. 30, 1869 

Burkholder, S, A., ei al. 

90,057 

May 11, 1869 

Stewart, B. 

100,467 

Mar. 1, 1870 

Shepard, C. U., Jr. 

100,729 

Mar. 15, 1870 

Commins, J. 

110,084 

Bee. 13, 1870 

Spence, P. 

113,416 

Apr. 4, 1871 

Forl3es, B., et aL 

124,964 

Mar. 26, 1872 

Manwaring, M. B., ef ol. 

136,995 

Feb. 18, 1873 

McBougall, J, 

173,621 

May 20, 1875 

Griffith, A. G. 

206,077 

July 16, 1878 

Borkin, T. J., et aL 

246,121 

Aug. 23, 1881 

Graf, L. 

278,383 

May 29, 1883 

Young, J. R. 

278,480 

do 

do 

317,010 

May 5, 1885 

Pierce, W. S. 

324,471 

Aug. 18, 1885 

Impeeratori, L. 

345,625 

July 13, 1886 

Bunne, J. J. 

353,210 

Nov. 23, 1886 

Budley, B. W. 

374,201 

Bee. 6, 1887 

Petraeus, C. V.. 

395,632 

Jan. 1, 1889 

Williams, W. J. 

396,274 

Jan. 15, 1889 

Endemann, H. 

404,348 

May 28, 1889 

do 

407,240 

July 16, 1889 

Powter, N. B. 

407,241 

do 

do 

446,815 

Feb. 17, 1891 

Glaser, C. 

446,998 

Feb. 24, 1891 

Van Ruymbeke, J. 

460,253 

Apr. 14, 1891 

Reese, J. 

450,254 

do 

do 

450,255 

do 

do 

450,531 

do 

do 

453,749 

June 9, 1891 

Van Ruymbeke, J. 

484,631 

Oct. 18, 1892 

Bunne, J. J. 

494,940 

Apr. 4, 1893 

Rissmuller, li. 

535,076 

Mar. 5, 1896 

Pieper, A. R. G. 

601,089 

Mar. 22, 1898 

Wiborgb, J. G. 

620,443 

Feb. 28, 1899 

Goldsmith, W. L. 

703,295 

June 24, 1902 

Newport, R. B. 

709,185 

Sept. 16, 1902 

Terne, B. 

731,461 

June 23, 1903 

Jerecki, A. K. 

897,695 

Sept. 1, 1908 

Young, J. R. 
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Patent No. 

Date 

Patentee 

911,283 

Feb. 2, 1909 

Young, J. R,. 

936,317 

Oct. 12, 1909 

Halvorsen, B. F. 

988,894 

Apr. 4, 1911 

Peacock, S. 

1,001,350 

Aug. 22, 1911 

Caro, N., et al. 

1,011,909 

Dec. 19, 1911 

Brettville, A. 

1,018,186 

Feb. 20, 1912 

Haff, M. M. 

1,020,293 

Mar. 12, 1912 

Klingbiel, C. 

1,036,909 

Aug. 27, 1912 

Saarbach, L. 

1,040,081 

Oct. 1, 1912 

Willson, T. L., et al. 

1,046,327 

Dec. 3, 1912 

Peacock, B. 

1,057,876 

Apr. 1, 1913 

Peacock, S. 

1,058,037 

Apr. 8, 1913 

Collett, E. 

1,058,145 

do 

Braun, F. W. 

1,058,249 

Apr. 8, 1913 

Meriwether, C. N. 

1,062,869 

May 27, 1913 

Willson, T. L., et al. 

1,099,151 

June 2, 1914 

Nicholas, F. C. 

1,100,638 

June 16, 1914 

Washburn, F. S. 

1,103,115 

July 14, 1914 

do 

1,103,910 

do 

Willson, T. L., ei al. 

1,111,490 

Sept. 22, 1914 

Perino, J. 

1,112,183 

Sept. 29, 1914 

Willson, T. L., et al. 

1,115,044 

Oct. 27, 1914 

Washburn, F. S. 

1,121,160 

Dec. 15, 1914 

Beckman, J. W. 

1,122,183 

Dec. 22, 1914 

Willson, T. L., et al. 

1,126,408 

Jan. 26, 1915 

Cowles, A. H. 

1,127,840 

Feb. 9, 1915 

Willson, T. L., et al. 

1,129,514 

Feb. 23, 1915 

Peacock, S. 

1,129,722 

do 

do 

1,142,068 

June 8, 1915 

Washburn, F. S. 

1,144,405 

June 29, 1915 

Willson, T. L., et al. 

1,145,107 

July 6, 1915 

do 

1,146,222 

July 13, 1915 

do 

1,149,390 

Aug. 10, 1915 

Meriwether, C. N. 

1,150,899 

Aug. 24, 1915 

Strickler, E. H. 

1,150,900 

do 

do 

1,151,074 

do 

Washburn, F. S. 

1,151,633 

Aug. 31, 1915 

do 

1,161,473 

Nov. 23, 1915 

Haff, M. M., et al. 

1,163,130 

Dec. 7, 1915 

Connor, J. H. 

1,166,104 

Dec. 28, 1915 

Willson, T. L., ei al. 

1,167,788 

Jan. 11, 1916 

Washburn, F. S. 

1,168,255 

do 

Herzka, E. 

1,172,420 

Feb. 22, 1916 

Bassett i H. P. 

1,194,077 

Aug. 8, 1916 

Ross, W. H., et al. 

1,196,910 

Sept. 5, 1916 

Washburn, F. S, 

1,208,877 

Dec. 19, 1916 

W ollenweber , W. 

1,212,196 

Jan. 16, 1917 

Earp-Thomas, G. H. 

1,214,346 

Jan. 30,1917 

Messerschmitt, A. 
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Patent No. 

Date 

1,251,742 

Jan. 1, 1918 

1,252,318 

do 

1,258,106 

.Mar. 5, 1918 

1,264,513 

Apr. 30, 1918 

1,264,514 

do 

1,272,001 

July 9, 1918 

1,276,276 

Aug. 13, 1918 

1,276,555 

Aug. 20, 1918 

1,276,870 

Aug. 27, 1918 

1,280,650 

Oct. 8, 1918 

1,282,385 

Oct. 22, 1918 

1,282,805 

Oct. 29, 1918 

1,285,122 

Nov. 19, 1918 

1,292,293 

Jan. 21, 1919 

1,299,337 

Apr. 1, 1919 

1,310,080 

July 5, 1919 

1,350,591 

Aug. 24, 1920 

1,354,719 

Oct. 5, 1920 

1,355,369 

Oct. 12, 1920 

1,357,120 

Oct. 26, 1920 

1,360,248 

Nov. 23, 1920 

1,360,401 

Nov. 30, 1920 

1,360,402 

do 

1,366,569 

Jan. 25, 1921 

1,367,846 

Feb. 8, 1921 

1,369,763 

Feb. 22, 1921 

1,377,553 

May 10, 1921 

1,411,696 

Apr. 4, 1922 

1,413,013 

Apr. 18, 1922 

1,413,168 

do 

1,413,048 

do 

1,417,248 

May 23, 1922 

1,420,596 

June 20, 1922 

1,428,259 

Sept. 5, 1922 

1,440,056 

Dec. 26, 1922 

1,441,694 

Jan. 9, 1923 

1,456,850 

May 29, 1923 

1,456,831 

do 

1,469,507 

Oct. 2, 1923 

1,495,270 

May 27, 1924 

1,510,179 

Sept. 30, 1924 

1,514,912 

Nov. 11, 1924 

1,517,687 

Dec. 2, 1924 

1,530,397 

Mar. 17,1925 

1,542,986 

June 23, 1925 

1,588,651 

June 15, 1926 

1,591,270 

July 6, 1926 

1,591,271 

do 


■Cmiinmd 

Patentee 

Blumenberg,. H., Jr. 
do 

Gardiner, R. F., et ol. 
Hechenbleikner, H. 
do 

Borghesani, G., et ah 
Lie, E. 

Meadows, T. C. 

Cameron, F. K, 

Bosch, C. 

Delacourt, A. F, 

Gardiner, R. F. 

Glaeser, W. 

Foss, A. 

Hechenbleikner, I. 
Henwood, A. 

Carothers, J. N. 

Bohre, A. C. 

Washburn, F. S. 

Sadtler, S. S. 

Bobst, G. R. 

Hoffman, P. C. 
do 

Kreiss, A. L. 

Washburn, F. S. 
Hetherington, H. C., et al. 
Bloom, J. E. 

Haege, T. 

Edgar, G. 

Kreiss, A. L. 

Matheson, A. 

Husson, J. 

Webster, H. A. 

Rusberg, F. 

Clarkson, F., et aL 
McElroy, K. P. 

Hazen, W., ef aL 
Ross, W. H., ei oL 
Glaeser, W. 

Stillsen, J. N. A. 
Liljenroth, F. G. 

Klugh, B. G. 

Voerkelius, G. A. 

Oden, S. L. A., et al. 
Breslauer, J,, al. 
Blumenberg, H., Jr. 
do 
do 
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Patent No. 

Date 

Patentee 

1,591 ;272 

do 

Blumenberg, H., Jr. 

1,601,233 

Sept. 28, 1926 

do 

1,610,109 

Dec; 7, 1926 

Peas, E. L., et al. 

1,628,792 

May 17, 1927 

Larison, E. L., et al. 

1,659,198 

Feb. 14, 1928 

Griessbach, R., et al. 

1,699,393 

Jan. 15, 1929 

Hagens, J. F. C. 

1,670,504 

May 22, 1928 

Griessbach, R., et al. 

1,701,286 

Feb. 5, 1929 

Waggaman, W. H., et al. 

1,716,415 

June 11, 1929 

Buchanan, G. H. 

1,736,553 

Nov. 19, 1929 

Singleton, G., et al. 

1,744,371 

Jan. 21, 1930 

Draisbach, F. 

1,746,905 

Feb. 11, 1930 

Pike, R. D., et al. 

1,758,448 

May 13, 1930 

Liljenroth, F. G. 

1,760,990 

June 3, 1930 

Meyers, H. H. 

1,761,400 

do 

Liljenroth, F. G. 

1,768,075 

June 24, 1930 

Kipper, H. B. 

1,790,503 

Jan. 27, 1931 

Hechenbleikner, I. 

1,791,103 

Feb. 3, 1931 

Meyers, H. H. 

1,799,479 

Apr. 7, 1931 

Pike, R. D. 

1,805,873 

May 19, 1931 

Kaselitz, 0. 

1,806,029 

do 

Thorssell, C. T. 

1,810,858 

June 16, 1931 

Thorssell, C. T., et al. 

1,816,051 

July 28, 1931 

Lloyd, S. J., al. 

1,816,285 

do 

Johnson, E. 

1,819,464 

Aug. 18, 1931 

Holz, A. 

1,821,309 

Sept. 1, 1931 

Johnson, F. 

1,821,653 

do 

Larsson, M. 

1,822,040 

Sept. 8, 1931 

Klugh, B. G., et al. 

1,826,785 

Oct. 13, 1931 

Holz, A. 

1,834,418 

Dec. 1, 1931 

Pevere, E. P. 

1,835,441 

Dec. 8, 1931 

Suchy, R., et al. 

1,846,347 

Feb, 23, 1932 

Meyers, H. H. 

1,855,856 

Apr. 26, 1932 

Hansen, C. J. 

1,859,833 

May 24, 1932 

Mitteau, F. 

1,865,968 

July 5, 1932 

Schuppe, W. 

1,866,564 

July 12, 1932 

Hansen, C. J. 

1,867,866 

July 19, 1932 

Ober, B., et al. 

1,869,272 

July 26, 1932 

do 

1,871,195 

Aug. 9, 1932 

do 

1,873,490 

Aug. 23, 1932 

Schulze, R. 

1,876,011 

Sept. 6,1932 

Larsson, M. 

1,878,426 

Sept. 20,1932 

Pike, R. D. 

1,878,997 

Sept. 27, 1932 

Adelantalo, L. 

1,879,204 

do 

Guillissen, J. 

1,884,105 

Oct. 25, 1932 

Moore, H. C. 

1,884,751 

do 

Krase, H, J. 

1,892,341 

Dec. 27, 1932 

Hackspill, L., et al. 

1,913,539 

June 13, 1933 

Friedrich, H. 



APPENDIX 


m 



Table 21- 

-Concluded 

Patent No* 

Date 


1,913,791 

June 13, 1933 

Carotbers, J. N. 

1,916,429 

July 4, 1933 

Larsson, M. 

1,939,351 

Dec. 12, 1933 

Johnson, E. 

1,945,914 

Feb. 6, 1934 

Reubke, E. 

1,949,129 

Feb. 27, 1934 

Oehme, H, 

1,960,030 

May 22, 1934 

Sackett, A. J. 

1,969,894 

Aug. 14, 1934 

Liljenroth, F. 0. 

1,998,631 

Apr. 23, 1935 

Traram, H., ei aL 

1,999,026 

Apr. 23, 1935 

do 

2,019,713 

Nov. 5, 1935 

Lawrence, C. K. 

2,022,050 

Nov. 26, 1935 

Levermore, C, H. 

2,037,706 

Apr. 21, 1936 

Curtis, H. A. 

2,040,563 

May 12, 1936 

Phillips, J. J. 

2,053,432 

Sept. 8, 1936 

Harvey, E. W. 

2,069,226 

Feb. 2, 1937 

Curtis, H. A. 

2,070,581 

Feb. 16, 1937 

do 

2,070,658 

do 

Hartenstein, H. L. 

2,077,171 

Apr. 13, 1937 

Harvey, E. W., et aL 

2,081,401 

May 25, 1937 

Kniskern, W. H., et al. 

2,083,652 

June 15, 1937 

Kaselitz, 0. 

2,086,717 

July 13, 1937 

Kniskern, W. H., eZ 

2,086,912 

do 

Kaselitz, 0. 

2,092,123 

Sept. 7, 1937 

do 

2,102,830 

Dec. 21, 1937 

Brill, J. L. 

2,102,831 

do 

do 

2,104,295 

Jan. 4, 1938 

De Varda, G. 

2,130,483 

Sept. 20, 1938 

Bull, B. A. 

2,135,545 

Nov. 8, 1938 

Boelkel, W. 

2,142,965 

Jan. 3, 1939 

Hale, W. J. 

2,149,966 

Mar. 7, 1939 

Kniskern, W. H., et al. 

2,288,418 

June 30, 1942 

Partridge, E. P. 

2,348,343 

Mar. 9, 1944 

Holbrook, J. C. 

2,366,857 

Jan. 9, 1945 

Hurka, R. J. 

2,434,899 

Jan. 27, 1948 

Biggs, J. D. 

2,439,432 

Apr. 13, 1948 

Keenan, F. G. and Dodge, 

2,504,545 

Apr. 18, 1950 

Waring, C. E., et al. 

Table 22. U. S. Patents on Granttlation and Conditioning op 


Manufactured Phosphates 

Patent No. 

Date 

Patentee 

75,328 

Mar. 10, 1868 

Wilson, G. F. 

75,330 

do 

do 

75,331 

do 

do 

75,333 

do 

do 

75,334 

do 

do 

75,337 

do 

do 

102,648 

May 3, 1870 

Baugh, E. P. 

106,147 

Aug. 9, 1870 

Frank, E., sraL 
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Patent No. 

496,687 

1,036,896 

1,151,633 

1,161,473 

1,418,618 

1,430,621 

1.439.054 
1,485,406 
1,551,152 
1,567,408 
1,573,533 
1,606,004 
1,628,481 
1,645,373 
1,653,332 
1,681, 690 
1,689,697 
1,695,193 
1,715,729 
1,718,104 
1,756,835 
1,782,038 

1.782.054 
1,782,822 

1.790.502 

1.790.503 
1,808,626 
1,818,114 
1,824,717 

1.837.283 

1.837.284 

1.837.304 

1.837.305 
1,837,307 

1.837.328 

1.837.329 

1.837.331 

1.837.332 
1,847,543 
1,860,738 
1,865,383 
1,867,866 
1,869,272 
1,869,941 
1,869,952 
1,871,895 
1,875,879 
1,888,919 
2,040,081 
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Date 

Patentee 

May 2, 1893 

Huffman, P. C. 

Aug. 27, 1912 

Peacock, S. 

Aug. 31, 1915 

Washburn, F. S. 

Nov. 23, 1915 

Haff, M. M., Gt al. 

June 6, 1922 

Butt, C. A. 

Oct. 3, 1922 

Bruhn, G. A. 

Dec. 19, 1922 

Armstrong, E. H. 

Mar. 4, 1924 

Meyers, H. H. 

Aug. 25, 1925 

Hiller, S. 

Dec. 29, 1925 

Axelsen, P. T. 

Feb. 16, 1926 

Barr, J. A. 

Nov. 9, 1926 

Tyler, A. W. 

May 10, 1927 

Vernay, J. B. 

Oct. 11, 1927 

Couch, D. H. 

Dec. 20, 1927 

Baechler, M. 

Aug. 21, 1928 

Vernay, J. B. 

Oct. 30, 1928 

Thornton, E. W. 

Dec. 11, 1928 

Krall, R. T. 

June 4, 1929 

Washington, D. E. 

June 18, 1929 

Baechler, M. 

Apr. 29, 1930 

Sackett, A. J. 

Nov. 18, 1930 

Haak, B. 

do 

Uhl, B. F. 

Nov. 25, 1930 

Hechenbleikner, I. 

Jan. 27, 1931 

do 

do 

do 

June 2, 1931 

Bechtel, G. M. 

Aug. 11, 1931 

Carothers, J. N., et 

Sept. 22, 1931 

Harty, W. A., et al. 

Dec. 22, 1931 

Ober, B., et al. 

do 

do 

do 

Wight, E. H, 

do 

Wight, E. H., et al. 

do 

do 

do 

Ober, B., et al. 

do 

do 

do 

do 

do 

do 

Mar. 1,1932 

Warming, K. 

May 31, 1932 

Harty, W. A,, et al. 

June 28, 1932 

Ober, B., ei aL 

July 19, 1932 

do 

July 26, 1932 

do 

Aug. 2, 1932 

do 

do 

Anderson, D. L. 

Aug. 16,1932 

Luscher, E. 

Sept. 6, 1932 

McKee, R. H. 

Nov. 22, 1932 

Gooch, S. D. 

May 12, 1936 

Curtis, H. A. 
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Table 22- 

-Conclude 

Eatent No. 

Date 

Patentee 

2,072,980 

Mar. 9, 1937 

Curtis, H. A. 

2,136,793 

Nov. 15, 1938 

Gabeier, W. C., et uL 

2,181,933 

Dec. 5, 1939 

Block, L,, ef al. 

2,182,613 

do 

Fiske, A. H. 

2,198,592 

Apr. 30, 1940 

Hagood, J. 

2,287,759 

June 23, 1942 

Hardesty, J. 0., et al. 

2,304,382 

Dec. 8, 1942 

Shoeld, M. 

2,308,220 

Jan. 12, 1943 

Waggaman, W, H. 

2,442,513 

Jan. 1, 1948 

Sackett, W. J. 

2,504,545 

Apr. 18, 1950 

Waring, C. E., et al. 


Table 23. U. S. Patents on the Manupactube of 


Dicalcixjm Phosphate 

Patent No. 

Date 

Patentee 

418,259 

Dec. 31, 1889 

Winssinger, C. E. D. 

462,366 

Nov. 3, 1891 

Simpson, J. 

690,048 

Dec. 31, 1901 

Cheeseman, L. 

690,049 

do 

do 

707,886 

Aug. 26, 1902 

Wiburgh, J. G., et ah 

736,730 

Aug. 18, 1903 

Huyerman, G. 

748,523 

1903 

Palmaer, W. 

789,647 

May 9, 1905 

Avens, R. 

819,410 

May 1, 1906 

Clemin, A. 

852,371 

Apr. 30, 1907 

Bergmann, E. 

852,372 

do 

do 

995,894 

June 20, 1911 

Palmaer, W, 

1,020,153 

Mar. 12, 1912 

Newberry, S. B., ei aL 

1,057,876 

Apr. 1,1913 

Peacock, S.. 

1,326,533 

Dec. 30, 1919 

Sadtler, S. S. 

1,348,495 

Aug. 3, 1920 

James, C. C. 

1,699,393 

Jan. 15, 1929 

Hagens, J. F. C, 

1,753,478 

Apr. 8, 1930 

Pike, R. D. 

1,786,097 

Dec. 23, 1930 

Thilo, E. 

1,788,952 

Jan. 13, 1931 

Holz, A. 

1,819,464 

Aug. 18, 1931 

do 

1,826,785 

Oct. 13, 1931 

do 

1,851,210 

Mar. 29, 1932 

Palazzo, F. C., et ah 

1,876,501 

Sept. 6, 1932 

Johnson, E. 

1,969,951 

Aug. 14, 1934 

Seyfried, W. R. 

2,021,527 

Nov. 19,1935 

Suehy, R,, et ah 

2,043,238 

June 9, 1936 

Curtis, H. A. 

2,078,627 

Apr. 27,1937 

Block, L & Melziger, M. 

2,086,912 

July 13, 1937 

Kaselitz, 0. 

2,108,940 

Feb. 23, 1938 

Macintire, W, H. 

2,114,600 

Apr. 19, 1938 

Larsson, M. 

2,115,150 

Apr. 26, 1938 

Seyfried, W. R. 

2,287,699 

June 23, 1942 

Moss, H. V., ei ah 

2,287,758 

do 

Fox,E.J. 

2,296,494 

Sept. 22, 1942 

Block, E. 

2,353,658 

July 18, 1944 

Fox, E. J* 
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Table 24. IJ. S. Patents on the Calcination and Fusion of 
Phosmate Rock with Silica, an Alkali or an Alkaline 
Earth Compound 


Patent No. 

Date 

Patentee 

45,961 

Jan. 17, 1865 

Liebig, G. A., et al. 

49,891 

Sept. 12, 1865 

Klett, F. 

74,799 

Feb. 25, 1868 

Comimns, J. 

78,061 

May 19, 1868 

do 

102,438 

Apr. 26, 1870 

Sapp, W. I. 

119,994 

Oct. 17, 1871 

Prescott, D. W. 

252,029 

Jan. 25, 1882 

Gibbons, J. F., et ah 

284,674 

Sept. 11, 1883 

Rocour, G. 

345,652 

July 13, 1886 

Dunne, J. J. 

453,299 

June 2, 1891 

Glaser, C. 

453,300 

do 

do 

542,080 

July 2, 1895 

Day, D. T. 

588,266 

Aug. 17, 1897 

DeChalmot, G. 

589,197 

Aug. 31, 1897 

Stestd, J. E. 

598,182 

Feb. 1, 1898 

Poole, H. 

601,089 . 

Mar. 22, 1898 

Wiborgh, J. G. 

721,489 

Feb. 24, 1903 

Wolters, W. 

917,502 

Apr. 6, 1909 

Strickler, E. H. 

922,494 

May 25, 1909 

Lowman, J. W. 

931,846 

Aug. 24, 1909 

Connor, J. H. 

972,567 

Oct. 24, 1910 

Newberry, S. B. 

978,193 

Dec. 13, 1910 

do 

991,096 

May 2, 1911 

Schroder, H. 

1,002,198 

Aug. 29, 1911 

Freirichs, F. W. 

1,016,352 

Feb. 6, 1912 

Meriwether, C. N. 

1,016,989 

Feb. 13, 1912 

Galt, H. A. 

1,025,619 

May 7, 1912 

Giese, F., et ah 

1,042,400 

Oct. 29, 1912 

Connor, J. H. 

1,042,401 

do 

do 

1,042,402 

do 

do 

1,042,588 

do 

Newberry, S. B., et al. 

1,046,327 

Dec. 3, 1912 

Peacock, B. 

1,058,249 

Apr. 8, 1913 

Meriweather, C. N. 

1,074,779 

Oct. 7, 1913 

Dunham, H. V. 

1,074,808 

do 

Newberry, S. B., et al. 

1,076,200 

Oct. 21, 1913 

Dunham, H. V. 

1,094,857 

Apr. 28,1914 

Landis, W. S. 

1,099,151 

June 2, 1914 

Nicholas, T. C. 

1,103,059 

July 14, 1914 

Landis, W. S. 

1,103,910 

do 

Wilson, T. L., et ah 

1,111,490 

Sept. 22, 1914 

Perine, J. 

1,120,917 

Dec. 15, 1914 

Downs, W. F. 

1,121,160 

do 

Beckman, J. W. 

1,126,408 

Jan. 26, 1915 

Gowles, A. H. 

1,137,065 

Apr. 27, 1915 

Landis, W. S. 

1,144,405 

June 29, 1915 

Wilson, T. L., et ah 

1,149,390 

Aug. 10, 1915 

Meriwether, C. N. 
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•Table 2Ar-Cmiinued 


Patent No. 

Date 

Patentee. , 

1,158,711 

Nov. 2, 1915 

Newberry, S. B., el of. 

l,162,m 

Dec. 7, 1915 

do 

1,162,944 

do 

do 

1,163,130 

do 

Connor, J. H. 

1,172,420 

Feb. 22, 1916 

Newberry, S. B., el al. 

1,173,303 

Feb. 29, 1916 

do 

1,174,176 

Mar. 7, 1916 

do 

1,194,219 

Aug. 8, 1916 

do 

1,204,238 

Nov. 7, 1916 

Bishop, E. S. 

1,214,008 

Jan. 30, 1917 

Ciselet, E., et aL 

1,214,346 

do 

Messerschmitt, A. 

1,229,684 

June 12, 1917 

Volpato, V. 

1,236,812 

Aug. 14, 1917 

Zilk, J. E. 

1,247,059 

Nov. 20, 1917 

do 

1,251,742 

Jan. 1, 1918 

Blumenberg, H., Jr. 

1,252,318 

do 

Blumenberg, H., Jr. 

1,258,106 

Mar. 5, 1918 

Gardiner, R. F. 

1,267,473 

May 28, 1918 

Stoppani, E., el al. 

1,272,001 

July 9, 1918 

Borghesani, G., el aL 

1,281,681 

Oct. 15, 1918 

Soper, E. C. 

1,282,385 

Oct. 22, 1918 

Delacourt, A. F. 

1,282,805 

Oct. 29, 1918 

Gardiner, R. F. 

1,285,122 

do 

Glaeser, W. 

1,293,220 

Feb. 4, 1919 

Shuey, P. MacG. 

1,310,080 

July 15, 1919 

Kenwood, A. 

1,360,248 

Nov. 23, im 

Brobst, G. R. 

1,366,569 

Jan. 25, 1921 

Kreiss, A. L. 

1,372,051 

Mar. 22,'l921 

Tromp, F. J. 

1,379,735 

May 31, 1921 

Walker, G.T. 

1,387,151 

Aug. 9, 1921 

Glaeser, W. 

1,393,839 

Oct, 18, 1921 

Shoeld, M. 

1,393,840 

do 

do 

1,396,149 

Nov. 8, 1921 

Soper, E. C. 

1,396,975 

Nov. 15, 1921 

do 

1,411,696 

Apr. 4, 1922 

Haege, T. 

1,413,168 

Apr. 18, 1922 

Kreiss, A. L. 

1,437,456 

Dec. 5, 1922 

Soper, E. C. 

1,578,339 

Mar. 30, 1926 

Meyers, H. H. 

1,696,975 

Jan. 1, 1929 

Rothe, F., et al 

1,704,218 

Mar. 5, 1929 

do 

1,795,173 

Mar. 3, 1931 

Lehrecke, H. 

1,799,882 

Apr. 7, 1931 

Brenek, H. 

1,810,402 

June 16, 1931 

Rothe, F., et al 

1,845,876 

Feb. 16, 1932 

Huber, H. 

1,846,347 

Feb. 23, 1932 

Meyers, H. 

1,854,765 

Apr. 19, 1932 

Rothe , F ■ , el al . 

1,855,190 

Apr. 26,1932 

Kern, L. 

1,878,185 

Sept. 20, 1932 

Rothe, F., el ol. 

1,902,832 

May 28, 1933 

Caldwell, P. 
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Patent No. 

1,880,491 

1,994,070 

2,044,774 

2,070,697 

2,093,176 

2,121,776 

2,143,865 

2,156,556 

2,165,729 

2,183,379 

2,189,248 

2,220,575 

2,222,740 

2,230,639 

2,288,112 

2,337,498 

2,368,649 

2,395,219 

2,442,969 

2,446,978 

2,478,200 

2,479,389 

2,499,385 

2,499,767 

2,531,046 

2,531,068 

Table 25. 


Patent No, 

446,087 

446,998 

502,424 

995,028 

1,002,143 

1,002,198 

1,034,090 

1,078,887 

1,194,077 

1,383,990 

1,438,588 

1,447,544 

1,654,283 

1,654,404 

1,699,093 

1,747,579 

1,837,230 

1,897,892 


Table 24 — Concluded 


Date 

Patentee 

Oct. 4, 1932 

Rotbe, F., et al. 

Mar. 12, 1935 

Foss, A. 

June 23, 1936 

Curtis, H. A. 

Feb. 16, 1937 

Tromel, G. 

Sept. 14, 1937 

do 

June 28, 1938 

Baily, T. F. 

Jan. 17, 1939 

Copson, R. L. 

Apr. 25, 1939 

Kerschbaum, F. P. 

July 11, 1939 

Rusberg, F. 

Dec. 12, 1939 

Franck, et al. 

Feb. 6, 1940 

Luscher, E. 

Nov. 5, 1940 

do 

Nov. 26, 1940 

Bornemann, F., et al. 

Feb. 4, 1941 

Johannsen, 0., et al. 

June 30, 1942 

Shoeld, M. 

Dec. 21, 1943 

Ritter, F., et al. 

Feb. 6, 1945 

Elmore, K. L. 

Feb. 19, 1946 

Gooch, S. D. 

June 8, 1948 

Butt, C. A. 

Aug. 10, 1948 

Maust, E. J. 

Aug. 9, 1949 

Maust, E. J., et al. 

Aug. 16, 1949 

do 

Mar. 7, 1950 

Hubbuch, T. N., et al. 

do 

Maust, E. J. 

Nov. 21, 1950 

Hollingsworth, G. R. 

do 

Maust, E. J. 

i. Patents on the Mantjpagtuke op Metaphosphates 
Pyrophosphates and Polyphosphates 

Date 

Patentee 

Feb. 10, 1891 

Van Ruymbeke, J. 

Feb. 24, 1891 

do 

Aug. 1, 1893 

Precht, H. 

June 13, 1911 

Newberry, S. B., et al. 

Aug. 29, 1911 

Frerichs, F. W. 

do 

do 

July 30, 1912 

Dunham, H. V. 

Nov. 18, 1913 

Willson, T. L., oL 

Aug. 8, 1916 

Ross, W. H., et al. 

July 5, 1921 

Kelly, A. 

Dec. 12, 1922 

Feldenheimer, Wm. 

Mar. 6, 1923 

Glaser, W. 

Dec. 27, 1927 

Dickerson, W. H. 

do 

Blumenberg, H., Jr. 

Jan. 15, 1929 

Carothers , J . N . , et al. 

Feb; 18, 1930 

J>ur gin, C. G., et al. 

Dec. 22, 1931 

Miner, G. G, 

Feb. 14, 1933 

Draisbach, F. 
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Table 25 — Continued 


Pateat No- 

Date 

Patentee 

1,903,041 

Mar. 28, 1933 

Hail, R. E., etal 

1,956,515 

Apr, 24, 1934 

Hali, R. E. 

1,979,926 

Nov. 6, 1934 

Zinii, R. E. 

1,991,850 

Feb. 19, 1935 

Hall, R. E. 

1,997,256. 

Apr. 9, 1935 

do 

2,008,651 

Jiily 16, 1935 

Zinn, R. E. 

2,009,692 

July 30, 1935 

Hail, R. E. 

2,019,142 

Oct. 29, 1935 

Kuever, R. A. 

2,019,665 

Nov. 5, 1935 

Fiske, A. H., al. 

2,019,666- 

do 

do 

2,024,543 

Dec. 17, 1935 

Smith, G. W. 

2,025,503 

Dec. 24, 1935 

Fiske, A. H. 

2,031,827 

Feb. 25, 1936 

do 

2,033,913 

Mar. 17, 1936 

do 

2,035,652 

Mar. 31, 1936 

Hall, R. E. 

2,038,316 

Apr. 21 , 1936 

Rosenstein, L. 

2,041,448 

May 19, 1936 

Zinn, R. E. 

2,055,332 

Sept. 22, 1936 

Bryan, C. S. 

2,059,570 

Nov. 3, 1936 

Fiske, A. H. 

2,063,788 

Dec. 8, 1936 

Burk, R. E. 

2,064,110 

Dec. 15, 1936 

Hall, R. E. 

2,064,387 

do 

Schwartz, C. 

2,067,628 

Jan. 12, 1937 

Fiske, A. H. 

2,071,385 

Feb. 23, 1937 

Bell, E. B. 

2,075,653 

Mar. 30, 1937 

Libbey, A. G. 

2,078,071 

Apr. 20, 1937 

Fiske, A. H. 

2,078,943 

May 4, 1937 

Hall, R. E. 

2,081,273 

May 25, 1937 

Hoermann, F., et aL 

2,081,617 

May 25, 1937 

Draisbach, F, 

2,082,573 

June 1, 1937 

Hall, R. E. 

2,086,309 

July 6, 1937 

Wharton, J. 

2,086,867 

July 13, 1937 

Hall, R. E. 

2,087,089 

do 

do 

2,087,849 

July 20, 1937 

Wilson, J. A. 

2,092,913 

Sept. 14, 1937 

Fiske, A. H. 

2,097,517 

Nov. 2, 1937 

Durgin, C. G. 

2,098,431 

Nov. 9, 1937 

Partridge, E. P. 

2,105,446 

Jan. 11, 1938 

Wilson, J. A, 

2,107,857 

Feb. 8, 1938 

Emmett, P. H. 

2,108,553 

Feb. 15, 1938 

Speas, V. E., ei al. 

2,108,563 

do 

do 

2,108,783 

Feb. 15, 1938 

Smith, G. W, 

2,110,010 

Mar. 1, 1938 

White, C. E., ei ai. 

2,110,870 

Mar. 15, 1938 

Curtis, H. A., et al. 

2,113,574 

Apr. 12, 1935 

do 

2,114,599 

Apr. 19, 1938 

Jones, K. K. 

2,128,160 

Aug. 23, 1938 

Morgan, L. C. 

2,128,161 

Aug. 23, 1938 

do 
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Table 25 — Concluded 


Patent No. 

Date 

Patentee 

2,134,346 

Oct. 25, 1938 

Siefert, F. 

2,135,054 

Nov. 1, 1938 

Schwartz, C. 

2,141,189 

Dec. 27, 1938 

Lyons, S. C. 

2,145,344 

Jan. 31, 1939 

Draisbach, F. 

2,149,734 

Mar. 7, 1939 

Hall, E. E. 

2,150,060 

do 

Guttenberg, F. H. Von 

2,163,065 

June 20, 1939 

Eosenstein, L, 

2,164,092 

June 27, 1939 

Smith, G. W. 

2,167,327 

July 25, 1939 

Talley, S. K. 

2,172,216 

Sept. 5, 1939 

Miller, A. 

2,173,825 

Sept. 26, 1939 

Curtis, H. A., et al. 

2,173,826 

do 

do 

2,174,614 

Oct. 3, 1939 

Bornemann, F., et al. 

2,180,742 

Nov. 21, 1939 

Lyons, S. C. 

2,182,045 

Dec. 5, 1939 

Bell, E. B. 

2,184,287 

Dec. 26, 1939 

Curtis, H. A., et al. 

2,191,199 

Feb. 20, 1940 

Hall, R. E. 

2,191,206 

do 

Schwartz, C. 

2,196,300 

Apr. 9, 1940 

Grettie, D. P. 

2,209,129 

July 23, 1940 

Mengele, H., et al. 

2,211,688 

Aug. 13, 1940 

Byck, H. T., et al. 

2,215,137 

do 

Schwartz, C. 

2,215,814 

Sept. 24, 1940 

Hall, R. E. 

2,216,207 

Oct. 1, 1940 

Menaul, P. L. 

2,223,316 

Nov. 26, 1940 

Ellis, C., et al. 

2,228,133 

Jan. 7, 1941 

Breach, A. M. 

2,233,401 

Mar. 1, 1941 

Copson, R. L. 

2,233,973 

do 

Dunn, T. H. 

2,233,974 

Mar. 1, 1941 

do 

2,239,284 

Apr. 22, 1941 

Draisbach, F. 

2,241,868 

May 13, 1941 

Reimann, A. 

2,244,158 

June 3, 1941 

Hubbard, F. E., et al. 

2,266,486 

Dec. 16, 1941 

Booth, C. F. 

2,296,716 

Sept. 22, 1942 

Jelen, F. C, 

2,360,730 

Oct. 17, 1944 

Smith, G. W. 

2,369,407 

Feb. 13, 1945 

Robinson, W. W,, Jr. 

2,393,560 

Jan. 22, 1946 

Partridge, E. P. 

2,413,159 

Dec. 24, 1946 

Weyl, W. A. 

2,414,742 

Jan. 21, 1947 

Jackson, H. A. 

2,417,344 

Mar. 11,1947 

Barrett, G. R. 

2,418,525 

Apr. 8, 1947 

Poliak, F.F. 

2,419,147 

Apr. 15,1947 

King,C.S. 

2,419,148 

do 

do 

2,427,847 

Sept. 23, 1947 

Fryling, C. F. 

2,437,297 

May 9, 1948 

Garrison, A. D. 

2,477,492 

July 26, 1949 

Moose, J. E, 

2,511,249 

June 13, 1950 

Durgin, C. B., et al. 
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Table 26. 

U. S. Patents on the MANXJFACTuaB of Alkali 
Metal Phosphates 

Patent No. 

Date 

Patentee 

123,743 

Feb. 13, 1872 

Tanner, 

284,674 

Sept. 11, 1883 

Eocour, G. 

301,407 

July 1, 1884 

Thomas, S. G. 

324,471 

Aug. 18, 1885 

Imperatori, L. 

361,666 

Apr. 19, 1887 

Twynam, T. 

446,816 

Feb. 17, 1891 

Glaser, C. 

502,424 

Aug. 1, 1893 

Precht, H, 

504,453 

Sept. 5, 1893 

Meyer, T, 

598,182 

Feb. 1, 1898 

Poole, H. 

950,159 

Feb. 22, 1910 

Ridenour, W. E. 

1,037,837 

Sept. 3, 1912 

Strickler, E. H. 

1,046,327 

Dec. 3, 1912 

Peacock, B. 

1,372,051 

Mar. 22, 1921 

Tromp, F. J. 

1,379,735 

May 21, 1921 

Walker, G.T. 

1,447,554 

May 21, 1923 

Glaeser, W. 

1,504,339 

Aug. 12, 1924 

do 

1,504,340 

do 

do 

1,572,846 

Feb. 9, 1926 

Hoff, C. M. 

1,638,677 

Aug. 9, 1927 

Blumenberg, H,, Jr. 

1,642,244 

Sept. 13, 1927 

Howard, H. 

1,644,161 

Oct. 4, 1927 

Walker, G. T. 

1,648,656 

Nov. 8, 1927 

Meyers, H. H. 

1,654,283 

Dec. 27, 1927 

Dickerson, W. H. 

1,654,404 

do 

Blumenberg, H., Jr. 

1,676,556 

July 10, 1928 

Howard, H. 

1,686,673 

Oct. 9, 1928 

Miner, C. G. 

1,686,835 

do 

Pike, E. D., al. 

1,686,836 

do 

do 

1,688,112 

Oct. 16, 1928 

Booth, C. F., et al. 

1,689,547 

Oct. 30, 1928 

Carothers, J. N. 

1,699,093 

Jan. 15, 1929 

Carothers, J. N., ei al. 

1,700,972 

Feb. 5, 1929 

Booth, C, F., et al. 

1,700,973 

do 

do 

1,711,707 

May 7, 1929 

West-brook, L. R. 

1,727,551 

Sept. 10, 1929 

Lohmann, W, H. 

1,744,371 

Jan. 21, 1930 

Draisbach, F. 

1,746,905 

Feb. 11, 1930 

Pike, R. D., ei aL 

1,746,906 

do 

do 

1,747,588 

Feb. 18, 1930 

Lohmann, W. H. 

1,759,152 

May 20, 1930 

Booth, C. F., et al. 

1,760,990 

June 3, 1930 

Meyers, H. H. 

1,768,075 

June 24, 1930 

Kipper, H. B. 

1,790,502 

Jan. 27, 1931 

Hechenbleikner, I, 

1,791,103 

Feb. 3, 1931 

Meyers, H. H. 

1,799,479 

Apr. 7, 1931 

Pike, E.D. 

1,805,873 

May 19, 1931 

Kaselitz, 0. 
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Table 26 — Continued 


Patent No. 

Date 

1,807,766 

June 2, 1931 

1,816,051 

July 28, 1931 

1,817,858 

Aug. 4, 1931 

1,825,965 

Oct. 6, 1931 

1,845,876 

Feb. 16, 1932 

1,846,347 

Feb. 23, 1932 

1,855,856 

Apr. 26, 1932 

1,859,833 

May 24, 1932 

1,860,818 

May 31, 1932 

1,865,588 

July 5, 1932 

1,865,968 

do 

1,866,657 

July 12, 1932 

1,873,490 

Aug. 23, 1932 

1,876,426 

Sept. 20, 1932 

1,876,997 

do 

1,878,426 

Sept. 20, 1932 

1,883,447 

Oct. 18, 1932 

1,885,905 

Nov. 1, 1932 

1,887,445 

Nov. 8, 1932 

1,888,003 

Nov. 15, 1932 

1,890,453 

Dec. 13, 1932 

1,891,293 

Dec. 20, 1932 

1,892,341 

Dec. 27, 1932 

1,897,705 

Feb. 14, 1933 

1,901,020 

Mar. 14, 1933 

1,903,582 

Apr. 11, 1933 

1,913,796 

June 13, 1933 

1,926,747 

Sept. 12, 1933 

2,031,827 

Feb. 25, 1936 

2,033,913 

Mar. 17,1936 

2,064,979 

Dec. 22, 1936 

2,109,811 

Mar. 1, 1938 

2,142,943 

Jan. 3, 1939 

2,142,944 

do 

2,162,657 

June 13, 1939 

2,165,948 

July 11, 1939 

2,187,536 

Jan. 16, 1940 

2,204,357 

June 11, 1940 

2,204,358 

do 

2^204,364 

do 

2,220,790 

Nov. 5, 1940 

2,221,356 

Nov. 12, 1940 

2,266,328 

Dec. 16, 1941 

2,271,712 

Feb. 3,1942 

2,280,848 

Apr. 28, 1942 

2,349,943 

May 30, 1944 

2,358,965 

Sept. 26,1944 

2,375,054 

May 1,1946 

2,385,188 

Sept. 18, 1945 


Patentee 

Conway, B. Von G., ei al: 
Lloyd, S. J., et al. 

Ulman, F., ei aL 
Lang, P. A. 

Huber, H. 

Meyers, H. H. 

Hanson, C. J. 

Mitteau, F. 

Hohre, K., et al. 

Reimann, A. 

Schuppe, W. 

Levermore, C. L. 

Schulze, R. 

Pike, R. D. 

Adelantalo, L. 

Pike, R. D. 

Ammen, T. G. 

Frost, F. L., Jr. 

Conway, B. von G., ei al. 
Lindberg, N. C. 

Bowman, F. C. 

Girsewald, C., et al. 
Hackspill, L., ei aL 
Mandlen, H. 

Booth, C. F. 

Conway, B. von G., et al. 
Deutman, F. R. 

Lindberg, N. C., et al. 
Fiske, A. H., et al. 
do 

Kaselitz, 0. 

Welter, A. 

Kerschbaum, F, P. 
do 

Wehrstein, A. 

Taylor, E, A. 

Avedikian, S. Z. 

Heckert, W. W. 
do 

Kepfer, R, J. 

McCullough, C. R. 

Michels, A. 

McCullough, C. R. 

Peirce, G. A. 

Pole, G. R. 

Ditzel, A. C. 

Durgin, C. B., et al. 
Waddell, M. C. 

Booth, C. F. 
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Table 26 — Concluded 


Patent No. 

Date 

Patentee 

2,387,746 

Sept. 25, 1945 

Colton, H. S., «l. 

2,395,219 

Feb. 19, 1946 

Gooch, S. D. 

2,408,268 

Sept. 24, 1946 

Hetzel, E. N.,, et «l. 

2,419,147 

Apr. IS, 1947 

King, C. S. 

2,419,148 

do 

do 

2,423,154 

July 1, 1947 

O’Brien, J. W. 

2,436,670 

Feb. 24, 1948 

Russell, C. H. 

2,468,448 

Apr. 26, 1949 

King, C. S. 

2,468,455 

do 

Metziger, M. 

2,484,266 

Oct. 11, 1949 

Bowe, L. E. 

Table 27. 

U. S. Patents Related to Phosphate IjEavening 
Agents and Baking Pbeparations^ 

Patent No. 

Date 

Patentee 

14,722 

Apr. 22, 1856 

Horsford, E. 

41,815 

Mar. 1, 1864 

do 

42,140 

Mar. 29, 1864 

do 

62,277 

Mar. 29, 1867 

Laur, J. 

75,271 

Mar. 10, 1868 

Horsford, E. 

75,272 

do 

do 

75,325 

do 

Wilson, G. 

75,326 

do 

do 

75,327 

do 

do 

76,328 

do 

do 

75,329 

do 

do 

75,330 

do 

do 

75,336 

do 

Wilson, G., and Horsford, 

75,337 

do 

do 

75,338 

do 

do 

75,339 

do 

do 

76,763 

do 

Horsford, E. 

104,035 

June 7, 1870 

do 

110,680 

Jan. 3, 1871 

Rice, N. B. 

118,768 

Sept. 6, 1871 

Wilson, G. 

130,298 

Aug. 6, 1872 

Horsford, E. 

140,251 

Aug. 6, 1873 

Lauer, J. 

143,580 

Oct. 14, 1873 

Copping, J. G., et al. 

178,146 

May 30, 1876 

Hecker, J. 

196,771 

Nov. 6,1877 

Seibel, J. 

196,881 

do 

Besignolle, P. 

224,998 

Mar. 2, 1880 

Dart, H. 

229,518 

July 6, 1880 

Gatlin, C. 

229,573 

do 

Wilson, G. 

229,574 

do 

do 

229,705 

do 

Horsford, E. 

^0,874 

Aug. 10, 1880 

do 

256,832 

Apr. 25,1882 

Giesecke, A. 


^ Prepared by H. W. Easterwoo<i> Victor Chemical Works. 
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Table 27 — Continued 


Patent No. 

Date 

269,743 

Dec. 26, 1882 

301,407 

July 1, 1884 

315,831 

Apr. 14, 1885 

331,642 

Dec. 1, 1885 

439,267 

Oct. 28, 1890 

474,811 

May 17, 1892 

654,570 

July 24, 1900 

654,571 

do 

654,572 

do 

654,573 

do 

657,334 

Sept. 4, 1900 

673,057 

Apr. 30, 1901 

674,140 

May 14, 1901 

692,451 

Feb. 4, 1902 

692,452 

do 

884,606 

Apr. 14, 1908 

983,719 

Feb. 7, 1911 

990,699 

Apr. 25, 1911 

1,063,177 

June 3, 1913 

1,113,632 

Oct. 13, 1914 

1,160,900 

Aug. 24, 1915 

1,150,901 

do 

1,158,933 

Nov. 2, 1915 

1,158,934 

do 

1,210,940 

Jan. 2, 1917 

1,234,858 

July 31, 1917 

1,264,592 

Apr. 30, 1918 

1,286,904 

Dec. 10, 1918 

1,356,988 

Oct. 26, 1920 

1,370,272 

Mar. 1, 1921 

1,427,979 

Sept. 5, 1922 

1,431,156 

Oot. 10, 1922 

1,442,318 

Jan. 16, 1923 

1,447,054 

Feb. 27, 1923 

1,497,477 

June 10, 1924 

1,500,545 

July 8, 1924 

1,538,910 

May 26, 1925 

1,568,888 

Oct. 27, 1925 

1,599,563 

Sept. 14, 1926 

1,630,143 

May 24, 1927 

1,643,011 

Sept. 20, 1927 

1,643,012 

do 

1,657,116 

Jan. 24, 1928 

1,689,697 

Oct 20, 1928 

1,699,093 

Jan. 15, 1929 

1,702,259 

Feb. 19, 1929 

1,712,025 

May .7, 1929 

1,758,920 

May 20, 1930 

1,775,037 

Sept. 2, 1930 


Patentee 
Thorpe, P. 

Thomas, S. G. 

Peters, A. 
do 

Gatlin, C. 
do 

Hunt, P. 

Hunt, P. 
do 
do 

Clotworthy, W. 

Kochs, A. 

Patten, W. 

Just, J. 
do 

McFarland, R. 

Humphries, H. 

Brown, W. B. and Holbrook, R 
Andrews, W. G. 

Holbrook, R. 

Strickler, E. 
do 

Kohman, H., et al. 
do 

Holbrook, R. 

Blacklock, T. 

Atkinson, F. 
do 

Johns, C., et al. 

Blinn, H. 

Stokes, W. 

Geere, W., et al. 

Whittier, C. 

Warner, F. 

Blouch, L., and Roop, J. 
Buffington, L. 

Stokes, W. 

Jones, R. E. 

Fiske, A. 

Sullivan, E. J, 

Hill, C. and Tintner, G, 
do 

Fiske, A. 

Thornton, E. 

Car others, J. and Booth, C. 
Hill, C. B., etal. 

Brown, G. 

Baum, G. 

Fiske, A. 
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Tab3lb ^—Continued 


Patent No. 

Date 

Patentee 

1,785,473 

Dec. 16, 1930 

. Adler, H, and McDonald, G. 

1,787,193 

Dec. 30, 1930 

Fiske, A. 

1,790,502 

Jan. 27, 1931 

Hechenbleikner, I. 

1,803,588 

May 5, 1931 

Black, A., el al. 

1,808,108 

June 2, 1931 

Hawks, J. 

1,818,114 

Aug. 11, 1931 

Carothers, J. and Bogue,'P. 

1,831,728 

Nov. 10, 1931 

Working, E. 

1,834,747 

Dec, 1, 1931 

Stokes, W. 

1,841,944 

Jan. 19, 1932 

Geere, E. 

1,843,051 

Jan. 26, 1932 

Thiele, F. 

1,847,799 

Mar. 1, 1932 

Weil, L. 

1,859,250 

May 17, 1932 

Bertel, R. 

1,907,764 

May 9, 1933 

Epstein, A. and Harris, B. 

1,913,796 

June 13, 1933 

Deutman, F. 

1,924,137 

Aug. 29, 1933 

Stokes, W. and Whittier, C. 

1,926,572 

Sept. 12, 1933 

Wight, E. 

1,936,636 

Nov. 28, 1933 

Macintosh, C. H. 

1,943,919 

Jan. 16, 1934 

Knox, W,, Jr. 

1,951,328 

Mar. 13, 1934 

Fiske, A. 

1,952,947 

Mar. 27, 1934 

Schott, C. 

1,984,968 

Dec. 18, 1934 

Fiske, A. and Bryan C. 

2,012,436 

Aug. 27, 1935 

Saklat walla, B., el al. 

2,018,449 

Oct. 22, 1935 

Knox, W., Jr. 

2,021,012 

Nov. 12, 1935 

McCullough, C. 

2,036,760 

Apr. 7, 1936 

Knox, W., Jr. 

2,057,956 

Oct. 20, 1936 

Kaselitz, 0. 

2,062,064 

Nov. 24, 1936 

Knox, W., Jr. and Cochran, R. 

2,121,208 

June 21, 1938 

Milligan, C. 

2,131,431 

Sept. 27, 1938 

Fiske, A. 

2,138,029 

Nov. 29, 1938 

do 

2,160,232 

May 30, 1939 

Schlaeger, J. 

2,160,233 

do 

do 

2,160,700 

do 

Knox, W., Jr. 

2,160,701 

do 

do 

2,167,432 

July 25, 1939 

Cox, G. and McBurney, W. 

2,170,274 

Aug. 22, 1939 

Morgan, W. 

2,181,933 

Dec. 5, 1939 

Block, L. and King, C. 

2,182,613 

do 

Fiske, A. 

2,222,830 

Nov. 26, 1940 

Moss, H. V. 

2,239,543 

Apr. 22, 1941 

Andrews, J., el al. 

2,263,487 

Nov. 18, 1941 

Cox, E. and Kean, R. 

2,271,361 

Jan. 27, 1942 

Carpenter, F. and Enos, W. 

2,272,014 

Feb. 3, 1942 

Knox, W., Jr, 

2,272,617 

Feb. 10, 1942 

Cox, E., el al. 

2,287,264 

June 23, 1942 

Ogburn, S., Jr. 

2,288,118 

June 30, 1942 

Vaupel, E. 

2,291,608 

Aug. 4, 1942 

Cobbs and Hochwaltj C. 

2,291,609 

do 

do 

2,296,495 

Sept. 22, 1942 

Block, E. 
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Table 27 — Concluded 


Patent No. 

Date 

Patentee 

2,297,630 

Sept. 29, 1942 

Milligan, C. 

2,314,090 

Mar. 16, 1943 

Huff, A. 

2,337,491 

Dec. 21, 1943 

Pemn, F. and Allen, 0. 

2,343,456 

Mar. 7, 1944 

Henninger, A. 

2,357,069 

Aug. 29, 1944 

Barackman, R. 

2,359,413 

Oct. 3, 1944 

Freedman, L. 

2,365,438 

Dec. 19, 1944 

Schilb, T. 

2,366,857 

Jan. 9, 1945 

Hurka, R. 

2,408,258 

Sept. 24, 1946 

Hetzel, E. and Taylor, G. 

2,444,215 

June 29, 1948 

Whiteside, R. and Kolb, P. 

2,445,948 

July 27j 1948 

Wittcoff, H, 

2,447,726 

Aug. 24, 1948 

Allingham, W. 

2,462,104 

Feb. 22, 1949 

Knox, W., Jr., et al. 

Table 28. U. S. Patents on 

THE Manufacture and Use op 

Phosphates 

IN Water Softeners and Detergent Products 

Patent No. 

Date 

Patentee 

284,674 

Sept. 11, 1883 

Rocour, G. 

446,815 

Feb. 17, 1891 

Glaser, C. 

598,182 

Feb. 1, 1898 

Poole, H. 

744,128 

Nov. 17, 1903 

Strickler, E. H. 

950,159 

Feb. 22, 1910 

Ridenour, W. E. 

1,001,935 

Aug. 29, 1911 

Eberbach, 0. A. 

1,002,603 

Sept. 5, 1911 

Payne, E. M. 

1,037,837 

Sept. 3, 1912 

Strickler, W. E. 

1,078,655 

Nov. 18, 1913 

Alliger, W. T. 

1,109,849 

Sept. 8, 1914 

Ley, Herman 

1,162,024 

Nov. 30, 1915 

Buchner, G. 

1,181,562 

May 2, 1916 

Barnes, J. 

1,247,833 

Nov. 27, 1917 

Heller, Hugo 

1,273,857 

July 30, 1918 

do 

1,278,435 

Sept. 10, 1918 

Campbell, J. R. 

1,333,393 

Mar. 9, 1920 

Edser, E,, and Tucker, S. 

1,379,735 

May 21, 1921 

Walker, G. T. 

1,381,295 

June 14, 1921 

Frey, A. 

1,438,588 

Dec. 12, 1922 

Feldenheimer, W. 

1,555,474 

Sept. 29, 1925 

Mathias, L. D. 

1,572,846 

Feb. 9, 1926 

Hoff, C. M. 

1,613,656 

Jan. 11, 1927 

Hall, R. E. 

1,688,112 

Oct. 16, 1928 

Booth, C. F., et al. 

1,700,972 

Feb. 5, 1929 

do 

1,711,707 

May 7, 1929 

Westbrook, L. R. 

1,727,561 

Sept. 10, 1929 

Lohmann, W. H. 

1,759,152 

May 20, 1930 

Booth, C. F., et al. 

1,796,115 

Mar. 10, 1931 

Murphy, A. R., aL 

1,841,825 

Jan. 19, 1932 

Kriegsheim, H. 

1,845,876 

Feb. 16, 1932 

Huber, H. 

1,847,212 

Dec. 12, 1932 

Feldenheimer jW. 

1,883,447 

Oct. 18, 1932 

Ammen, I. G. 
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Table 28r-Cmttnmd 


Patent No. 

Date 

Patentee. 

1,885,905 

Nov. 1, 1932 

Frost, F. L. Jr. 

1,890,204 

Dec. 6, 1932 

Conway, B. von G., et ol. 

1,8^,453 

Dec. 13, 1932 

Bowman, F. C. 

1,891,293 

Dec. 20, 1932 

Girsewald, C., el ah 

1,897,705 

Feb. 14, 1933 

Mandlen, H., el aL 

1,903,041 

Mar. 28, 1933 

Hall, B. E., ei al. 

1,910,403 

May 23, 1933 

Parr, S. W. and Straub, F. G. 

1,926,087 

Sept. 12, 1933 

Dreyfus, H., et aL 

1,965,339 

July 3, 1934 

Hall, R. E .' 

1,972,032 

Aug. 28, 1934 

Reimann, A. 

1,975,946 

Oct. 9, 1934 

Ihrig, H. K., et al. 

2,004,809 

June 11, 1935 

Hall, R. E. 

2,012,462 

Aug. 27, 1935 

Agthe, C. A., el al. 

2,035,652 

Mar. 31, 1936 

Hall,R. E. 

2,038,316 

Apr. 21, 1936 

Rosenstein, L, 

2,041,473 

May 19, 1936 

Janota, J. 

2,067,628 

Jan. 12, 1937 

Fiske A. H. and Bryan, C. S. 

2,081,676 

May 25, 1937 

Neugebauer, W. 

2,087,849 

July 20, 1937 

Wilson, J. A. 

2,093,927 

Sept. 21, 1937 

Preston, W. 

2,093,928 

do 

do 

2,097,517 

Nov. 2, 1937 

Durgin, C. B. 

2,121,952 

June 28, 1938 

Colonius, H., el al. 

2,130,869 

Sept. 20, 1938 

Block, L. and Metziger, M. 

2,141,189 

Dec. 27, 1938 

Lind, 0. 

2,142,180 

Jan. 3, 1939 

Crites, B. 0. 

2,142,515 

do 

Joos, C. E. 

2,156,173 

Apr, 25, 1939 

Bird, P. G. 

2,164,146 

June 27, 1939 

Reuss, W., el al. 

2,186,095 

Jan. 9, 1940 

Byck, H. T., el al. 

2,211,688 

Aug. 13, 1940 

Colonius, H., ei al. 

2,244,158 

June 3, 1941 

Hubbard, F. E. and McCulIougb, 
C. 

Curtis, F. J. 

2,257,545 

Sept. 30, 1941 

2,291,146 

July 28, 1942 

Buist, R. M. and Parker, M. F. 

2,294,075 

Aug. 25, 1942 

Colgate, R. B., el al. 

2,295,831 

Sept. 15, 1942 

Caryl, C. R. 

2,296,767 

Sept. 22, 1942 

do 

2,326,950 

Aug. 17, 1943 

Kepfer, R. J. 

2,333,443 

Nov. 2, 1943 

Robinson, E. A. 

2,333,444 

do 

do 

2,335,466 

Nov. 30, 1943 

Volz, A. 

2,338,987 

Jan. 11, 1944 

Watzel, R. 

2,351,559 

June 6, 1944 

Treffler, A. 

2,356,550 

Aug. 22,1944 

Volz, A. 

2,358,222 

Sept. 12, 1944 

Fink, G. and Richardson, H. H. 

2,358,965 

Sept. 26, 1944 

Durgin, G. B., el al. 

2,360,135 

Oct, 10, 1944 

Hull, H. H., el al. 

2,360,730 

Oct. 17,1944 

Smith, G. W. 
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Patent No. 

Date 

Patentee 

2,365,190 

Dec. 19, 1944 

Hatch, G. B. 

2,365,215 

do 

Rhodes, J. C. 

2,370,472 

Feb. 27, 1945 

King, C. 

2,370,473 

do 

do 

2,374,100 

Apr. 17, 1945 

Jackson, H. A. 

2,376,096 

May 15, 1945 

Snell, F. D. 

2,380,259 

July 10, 1945 

Pierce, F. E. 

2,381,124 

Aug. 7, 1945 

Hart, J. F. 

2,381,960 

Aug. 14, 1945 

Johnson, A. D. 

2,382,163 

do 

MacMahon, J. D. 

2,382,164 

do 

do 

2,383,502 

Aug. 28, 1945 

Quimby, 0. T. 

2,383,610 

do 

Morgan, J. D., et al. 

2,385,928 

Oct. 2, 1945 

Meites, L. 

2,385,929 

do 

do 

2,387,572 

Oct. 23, 1945 

Flett, L. H. 

2,394,320 

Feb. 5, 1946 

McGhie, R. P. 

2,395,126 

Feb. 19, 1946 

King, C. S. 

2,396,278 

Mar. 12, 1946 

Lind, Otto 

2,404,289 

July 16, 1946 

Hicks, W. B., et al. 

2,405,276 

Aug. 6, 1946 

Taylor, A. G. 

2,409,718 

Oct. 22, 1946 

Snell, F. D., et al. 

2,411,090 

Nov. 12, 1946 

Garverich, E. S., et al, 

2,412,819 

Dec. 17, 1946 

MacMahon, J. D. 

2,414,969 

Jan. 28, 1947 

Moose, J. E. 

2,419,147 

Apr. 15, 1947 

King, C. 


2,419,148 do do 


2,421,703 

June 3, 1947 

Kamlet, J. 

2,426,394 

Aug. 26, 1947 

Hall, R. E. and Munter, C. I. 

2,427,642 

Sept. 16, 1947 

Aitchison, A. G. 

2,431,946 

Dec. 2, 1947 

Lurie, D. 

2,434,674 

Jan. 20, 1948 

Pincus, A. G. 

2,435,453 

Feb. 3, 1948 

MacMahon, J. D. 

2,436,670 

Feb. 24, 1948 

Russell, C. H. 

2,444,836 

July 6, 1948 

MacMahon, J. D. 

2,455,050 

Nov.30,1948 

Eisenberger, S., et al. 

2,455,648 

Dec. 7, 1948 

Bennett, W. R. 

2,471,645 

May 31, 1949 

Morris, M. M., et al. 

2,473,822 

June 21, 1949 

Robinson, E. A. 

2,480,730 

Aug. 30, 1949 

Hafford, B. C,, ei aL 

2,486,921 

Nov. 1, 1949 

Byerly, D. R. 

2,494,827^ 

1 Jan. 17,1950 

Munter, C. J. 

2,494, 828J 
2,503,381 

r 

Apr. 11,1950 

Eichwald, E. 

2,509,440 

May 30, 1950 

Little, L. L. 

2,510,510 

June 6, 1950 

Mendenhall, E. E. 

2,519,747 

Aug. 27, 1950 

Dubois, A. S, 

2,522,4461 

^ Sept. 12,1950 

Harris, J. C. 


2,522,477J 

2,531,166 


Nov, 21, 1950 


Shaw, C. M. 
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Table 28-A. XJ. S. Patents on Estees of Phosphoeic Acid and 
Their Applications 

Patent No. Date Patentee 


700,000 

May 27, 1902 

1,425,393 

Aug. 8, 1922 

1,766,720 

June 24, 1930 

1,785,951 

Dec. 23, 1930 

1,799,349 

Apr. 7, 1931 

1,837,176 

Dec, 15, 1931 

1,852,231 

Apr. 5, 1932 

1,856,862 

May 3, 1932 

1,884,433 

Oct. 25, 1932 

1,931,056 

Oct. 17, 1933 

1,932,130 

Oct. 24, 1933 

1,944,530 

Jan. 23, 1934 

1,958,210 

May 8, 1934 

1,959,228 

May 15, 1934 

1,977,973 

Oct. 23, 1934 

1,982,903 

Dec. 4, 1934 

2,005,619 

June 18, 1934 

2,008,478 

July 16, 1935 

2,026,785 

Jan. 7, 1936 

2,044,773 

June 23, 1936 

2,046,031 

June 30, 1936 

2,052,029 

Aug. 26, 1936 

2,053,653 

Sept. 8, 1936 

2,058,342 

Oct. 20, 1936 

2,058,344 

do 

2,059,084 

Oct. 27, 1936 

2,062,312 

Dec, 1, 1936 

2,078,421 

Apr. 27, 1937 

2,071,323 

Feb. 23, 1937 

2,119,523 

June 7, 1938 

2,112,514 

July 5, 1938 

2,133,310 

Oct. 18, 1938 

2,149,937 

Mar. 7, 1939 

2,161,455 

June 6, 1939 

2,175,509 

Oct. 10, 1939 

2,175,877 

do 

2,182,309 

Dec. 5, 1939 

2,182,817 

Dec. 12, 1939 

2,184,697 

Dec. 26, 1939 

2,188,322 

Jan. 30, 1940 

2,190,769 

Feb. 20, 1940 

2,200,712 

May 14,1940 

2,200,485 

do 


Zuhl, E. 

Laska, A. L. and Prillwitz, H, 

H. C. 

Nicolai, P. 

Gibson, W., el aL 
Bannister, W. J. 

Horst, William P, 

Bryner, F. 
do 

Webb, W. E. and Clarke, H, P. 
Clemmensen, B. 

Blagden, J. W. and Huggett, W. 
E. 

Scbonburg, C. 

Scott, W. 

Blagden, J. W. and Huggett, W. 
E. 

Rohm, 0. 

Clemmensen, E. 

DeWitt, G. 

Vanderbilt, B. M. and Gottlieb, 
M. B. 

Harris, B. R. 

Conn, W. T. 

Mugdan, M. and Sixt, J, 

Harris, B. R. 

Butz, K. 

Moran, R. C., et al. 

Moran, R. C., et al. 

Buchheim, K. 

Ipatieff, V. and Shuman, E. L. 
Shuman, R. L. 

Bass, S. L. 

Butz, C. 

Crocker, E. 0. and Billings, H, 

J, 

Shuman, R, B. 

Copley, M. J. 

Clifford, A. M. 

Rogers, T. H., et al. 

Clark, F.M. 

Britton, E. C. and Moyle, C. L, 
Moyle, C. L. 

Havermann, H. and Smeykal, K. 
Tattersall, H. J, 

Butz, K, 

Carswell, T. C. 

Brodersen, E. and Quaedvlieg, 
M.. 
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Patent No. 

2,207,233 

2.213.513 

2.213.514 

2.213.515 

2.213.619 

2.213.620 
2,218,582 
2,219,050 
2,220,113 
2,223,329 
2,223,548 
2,224,695 

2.228.658 

2.228.659 
2,228,671 
2,231,946 
2,237,632 
2,237,866 

2.241.243 

2.241.244 
2,244,705 

2.250.662 

2.250.663 
2,262,634 
2,268,387 
2,271,044 
2,273,781 
2,274,447 
2,275,041 
2,278,747 
2,286,308 
2,289,795 
2,329,707 
2,345,690 
2,373,807 
2,382,622 
2,382,775 

2,386,207 

2,387,537 

2,394,829 

2,410,118 

2,430,569 

2,441,295 

2,442,582 
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Table 28-A~Continued 


Date 

July 9,1940 
Sept. 3, 1940 
do 
do 
do 
do 

Oct. 22, 1940 
Oct. 22, 1940 
Nov. 5, 1940 
Nov. 26, 1940 
Dec. 3, 1940 
Dec. 10, 1940 
Jan. 14, 1941 

do 

Jan. 14, 1941 
Feb. 18, 1941 
Apr. 8, 1941 
do 

May 6, 1941 
do 

June 10, 1941 

July 29, 1941 
do 

Nov. 11, 1941 
Dec. 30, 1941 
Jan. 27, 1942 
Feb. 17, 1942 
Feb. 24, 1942 
Mar. 3, 1942 
Apr. 7, 1942 
June 16, 1942 
July 14, 1942 
Sept. 20, 1943 
Apr. 4, 1944 
Apr. 17, 1945 
Aug, 14, 1945 
do 

Oct. 9, 1945 

Oct. 23, 1945 
Feb. 12, 1946 
Oct. 29, 1946 

Nov. 11, 1947 
May 11, 1948 
June 1, 1948 


Patentee 

Streng, F. 

Bancroft, W. D., 6^ aL 

do 

do 

do 

do 

Lindner, K. 

Mikeska, L. A. 

Moyle, C. L. 
do 

Caplan, S. 

Prutton, C. F. 

Farrington, B. B. and Clayton, 

J . 0. 

do 

Neeley, G.L. and Gardiner, E.W. 
Rechel, E.R. and Stevenson T. 
Hies, H. E., Jr. 
do 

Conary, R.E. and Ashburn, H.V. 
do 

Hutchinson, J. F. and Schilling, 
A. A. 

Walter, J. M. 
do 

Cobbs, W. W. 

Flenner, A. L. and Faulfert, F. H. 
Schilling, A. A. 

Hochwalt, C. A. 

Hodgins, T. S. and Hovey, A. G. 
Britton, E. C. and Moyle, C. L. 
Swezey, F. H., et al. 

Rosser, C. M. 

McNab, J. G. 

Farrington, F. L., 

Solmssen, U. V. 

Beeg, H. and Schmidt, R, 

Toy, A.D. F. 

Cook, E. W. and Thomas, W. D., 
Jr. * 

Reiff, O. M. and Andress, H. J 
Jr. 

Smith, H. G., et al. 

Whitehill, L. N. and Barker, R. S. 
Woodstock, W. H. and Pelletier. 

p. E. ; . ’ 

Hull, D. C. and Agett, A. M 
Smith, H. G. and Cantrell, T. L. 
Bishop, J. W. ^ ^ ^ ^ ^ 
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Table 28-A— Concluded 


Patent No. 

Date 

Patentee 

2,443,473 

June 15, 1948 

Milas, A. 

2,452,319 

Oct. 27, 1948 

Patterson, J. A., and Kluge, H. B. 

2,460,043 

Jan. 26, 1949 

Teeters, W. 0. 

2,466,393 

Apr. 5, 1949 

McNally, J.G. 

2,473,612 

June 21, 1949 

Shuman, R. L. 

2,476,143 

July 5, 1949 

Kemp, L. C. 

2,478,441 

Aug. 9, 1949 

Wiley, R.H. 

2,482,063 

Sept. 13, 1949 

Hechenbieikner, L 

2,490,573 

Dec. 6, 1949 

Ratcliff, F., ei al. 

2,490,748 

do 

Dickey, J. B. and McNally, J. 0. 

2,493,597 

Jan. 3, 1950 

Rothrock, D. A., Jr,, ei al. 

2,494,310 

Jan. 10, 1950 

Plueddemann, E. P. 

2,495,220 

Jan. 24, 1950 

Bell, A. 

2,499,603 

Mar. 7, 1950 

Huff, C, E., et al. 

2,500,022 

do 

Brown, J. H. 

2,502,401 

Mar. 28, 1950 

Harris, L,. W., ei al. 

2,503,204 

Apr. 4, 1950 

Kosolapoff, G. M. 

2,504,165 

Apr. 18, 1950 

Toy, A.D. F. 

2,508,389 

Apr. 23, 1950 

Hull, D. C., et al. 

2,510,033 

May. 30, 1950 

Kyrides, L. P. 

2,512,282 

June 20, 1950 

Plueddemann, E. P. 

2,614,150 

July 4, 1950 

Bell, A. 

2,514,621 

July 11, 1950 

do 

2,518,692 

Aug. 15, 1950 

Hull, D. C., et at. 

2,523,243 

Sept. 19, 1950 

Willis, N.E. 

2,523,252 

do 

Smith, F. D., et al. 

2,523,613 

Sept. 26, 1950 

Dvornikoff, M. N., et al. 

2,531,354 

Nov. 21, 1950 

Dvornikoff, M. N. 

Table 29. U. S. 

Patents on Phosphate Coatings foe Metal Surfaces 

Patent No. 

Date 

Patentee 

870,937 

Nov. 12, 1907 

T. W. Coslett 

1,007,069 

Oct. 3i, 1911 

do 

1,069,903 

Aug. 12, 1913 

F. R. Granville 

1,167,966 

Jan. 11, 1916 

W. H. Allen 

1,206,075 

Nov. 28, 1916 

do 

1,211,218 

Jan. 2, 1917 

C. W. Parker 

1,215,463 

Feb. 13, 1917 

W.H. Allen 

1,219,626 

Mar. 20, 1917 

do 

1,221,046 

Apr. 3,1917 

J. H. Gravell 

1,221,441 

do 

do 

1,221,442 

do 

do 

1,240,395 

Sept. 18, 1917 

D. C. Westerfield 

1,247,660 

Nov. 27, 1917 

R. L. Gooding 

1,248,063 

do 

W.H. Allen 

1,264,263 

Jan, 22, 1918 

W. I. Oeschger 

1,254,264 

do 

do 

1,260,740 

Mar. 26, 1918 

W.H. Allen 

1,263,395 

Apr. 23, 1918 

W. R. Ernig 
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Table 29~Confinued 


Patent No. 

Date 

Patentee 

1,271,002 

July 2, 1918 

W.H. Allen 

1,273,358 

July 23, 1918 

J. H. Gravel! 

1,287,605 

Deo, 17, 1918 

W. H. Allen 

1,290,476 

Jan. 7, 1919 

do 

1,291,352 

Jan. 14, 1919 

do 

1,303,627 

May 13, 1919 

H. C. Baines 

1,311,319 

July 29, 1919 

R. D. Colquhoun 

1,317,351 

Sept. 30, 1919 

L. S. Chadwick and M. Resek 

1,320,734 

Nov. 4, 1919 

do 

1,329,573 

Feb. 3, 1920 

W. H. Allen 

1,341,100 

May 25, 1920 

do 

1,344,372 

June 22, 1920 

H. C. Baines 

1,381,112 

June 14, 1921 

Emig, W. R. 

1,388,325 

Aug. 23, 1921 

L. S. Chadwick 

1,428,084 

Sept. 5, 1922 

J. H. Graven 

1,428,086 

do 

do 

1,428,087 

do 

do 

1,485,025 

Feb. 26, 1924 

M. Green 

1,493,012 

May 6, 1924 

C. E. Abrahams 

1,525,904 

Feb. 10, 1925 

W. H. Allen 

1,549,410 

Aug. 11, 1925 

J. H. Graven 

1,561,053 

Nov. 10, 1925 

B. K. Brown and G. Schmidt 

1,572,354 

Feb. 9, 1926 

J. H. Gravel! 

1,592,102 

July 13, 1926 

do 

1,610,362 

Dec. 14, 1926 

T. W. Coslett 

1,639,694 

Aug. 23, 1927 

M; Green and H. H. Willard 

1,651,694 

Dec. 6, 1927 

M. Green, E. M. Jones and H. H. 
Willard 

1,654,716 

Jan. 3, 1928 

W. H. Allen 

(Reissue) 17,484 

Nov. 12, 1929 


1,658,222 

Feb. 7, 1928 

Burns, et al. 

1,660,661 

Feb. 28, 1928 

M. Green and H. H. Willard 

1,663,446 

Mar. 20, 1928 

C. F. Dinley 

1,677,667 
(Reissue -17, 309) 

May 28, 1929 

Zimmerman 

1,709,894 

Apr. 23, 1929 

E. C. Burdick 

1,713,653 

May 21, 1929 

J. H. Cravell 

1,719,463 

July 2, 1929 

W.H. Cole 

1,735,842 

Nov. 19, 1929 

W.H. Allen 

1,760,270 

Mar. 11, 1930 

E. M. Jones 

1,752,746 

Apr. 1, 1930 

J. D. Klinger and C. Boyle 

1,765,391 

Apr. 22, 1930 

M. Green and V. M. Darsey 

1,761,186 

June 3, 1930 

M. C. Baker and W. A. Dingman 

1,765,341 

June 17, 1930 

R. E. Lowe 

1,769,057 

July 1,1930 

M. Green and E. M. Jones 

1,781,507 

Nov. 11, 1930 

J. H. Gravel! 

1,790,960 

Feb. 3. 1931 

E. K. Wallace 

1,791,715 

Feb. 10, 1931 

V. M. Darsey 

1,791,082 

Feb. 3, 1931 

Giuseppe Bianeo 
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Table 29 — Continued 


Patent No. 

Date 

1,826,866 

Oct. 13, 1931 

1,832,979 

Nov. 24, 1931 

1,837,430 

Dec. 22, 1931 

1,839,523 

Jan. 5, 1932 

1,842,085 

Jan. 19, 1932 

1,856,261 

May 3, 1932 

1,866,879 

July 12, 1932 

1,869,121 

July 26, 1932 

1,872,507 

Aug. 16, 1932 

i, 873, 363 

Aug. 23, 1932 

1,887,967 

Nov. 15, 1932 

1,888,189 

do 

1,911,726 

May 30, 1933 

1,926,265 

Sept. 12, 1933 

1,926,266 

do 

1,949,090 

Feb. 27, 1934 

1,992,045 

Feb. 19, 1935 

2,001,754 

May 21, 1935 

2,030,601 

Feb. 11, 1936 

2,041,545 

May 19, 1936 

2,045,499 

June 23, 1936 

2,059,783 

Nov. 3, 1936 

2,067,007 

Jan. 5, 1937 

2,067,214 

Jan. 12, 1937 

2,067,215 

do 

2,067,216 

do 

2,070,487 

Feb. 9, 1937 

2,082,950 

June 8, 1937 

2,089,648 

Aug. 10, 1937 

2,097,211 

Oct. 26, 1937 

2,120,212 

June 7, 1938 

2,121,520 

June 21, 1938 

2,121,574 

do 

2,127,207 

Aug. 16, 1938 

2,132,000 

Oct. 4, 1938 

2,163,583 

June 27, 1939 

2,163,984 

do 

2,164,042 

do 

2,186,177 

Jan. 9, 1940 

2,191,435 

Feb. 27, 1940 

2,194,491 

Mar. 26, 1940 

2,208,524 

July 16, 1940 

2,213,263 

Sept. 3, 1940 

2,228,836 

Jan. 14, 1941 

2,233,422 

Mar. 4, 1941 

2,234,206 

Mar. 11, 1941 

2,236,549 

Apr. 1, 1941 

2,272,216 

Feb. 10, 1942 

2,293,716 

Aug. 25, 1942 


Patentee 

W. H.Cole 
H. S. George 
J. H. Graven 
W. H. Allen 

M. Green and E* M. Jones 
W. M. Phillips and G. M, Coie 
V. M. Darsey 

J. S. Thompson and R. R. Tanner 
S. G. Saunders and C. C, Williams 
R. R. Tanner 

R. R. Tanner and V. M. Darsey 

do 

R. R. Tanner and H. J. Lodeesen 

V. M. Darsey 

do 

R. R. Tanner and H. J. Lodeesen 

W. K. Schweitzer 

J. S. Thompson and V. M. Darsey 
G. A. McDonald 
C. E. Heussner 

R. R. Tanner and H. J. Lodeesen 
G. J. Earn worth 
V. M. Darsey 

R. R. Tanner and J. S. Thompson 
do 

J. S. Thompson and H. J. Lodeesen 

G. Lutz 
M. Green 

R. H. Gordon 

H. T. Davies 
L. P. Curtin 

do 

G. C. Romig 
L. P. Curtin 
do 

R. W. Buzzard 
Pelkovie, V. A. 

G. C. Romig 

do 

J. H. Ballard and W. H. Spencer 
P. C. Bird, et al. 

V. M. Darsey and H. J. McVey 
J. S. Thompson and H. K. Ward 
J. MacQuaid 

H. J. Lodeesen 
J. S. Thompson 

V. M. Darsey, et al. 

H. J. Lodeesen 
V. M. Darsey 
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Table 2Q— ^Continued 


Patent No. 

Date 

Patentee 

2,295,063 

Sept. 8, 1942 ’ 

J. N. Tuttle 

2,295,545 

Sept. 15, 1942 

W. J. Clifford and H. H. Adams 

2,296,070 

do 

J. S. Thompson and E. W. Good- 
speed 

2,296,844 

Sept. 29, 1942 

C. W. Glasson 

2,298,280 

Oct. 13, 1942 

W, J. Clifford and H. H. Adams 

2,298,312 

do 

G. C. Romig 

2,301,209 

Nov. 10, 1942 

R. C. Gibson 

2,302,510 

Nov. 17, 1942 

R. R. Tanner and H. J. Lodeesen 

2,303,242 

Nov, 24, 1942 

R. R. Tanner and R. V. Harris 

2,306,143 

Dec. 22, 1942 

A. E. Stevenson 

2,310,239 

Feb. 9, 1943 

G. W. Jernstedt 

2,311,240 

Feb. 16, 1943 

C. A. Marien, et al. 

2,312,855 

Mar. 2, 1943 

J. S. Thompson 

2,314,565 

Mar. 23, 1943 

do 

2,314,887 

Mar. 30, 1943 

H. J. Lodeesen and H. K. Ward 

2,316,810 

Apr. 20, 1943 

G. C. Romig 

2,316,811 

do 

do 

2,318,606 

May 11, 1943 

M. T- Goehel, et al. 

2,318,642 

do 

J. S. Thompson 

2,318,656 

do 

do 

2,322,349 . 

June 22, 1943 

0. W. Jernstedt 

2,326,309 

Aug. 10, 1943 

G. C. Romig 

2,327,127 

Aug. 17, 1943 

F. E. Rath 

2,329,065 

Sept. 7, 1943 

J. C. Lum and G. Jernstedt 

2,331,196 

Oct. 5, 1943 

do 

2,335,868 

Dec. 7, 1943 

H. J. Lodeesen 

2,336,020 

do 

H. J. Krase 

2,336,071 

do 

W. J. Clifford and H. H. Adams 

2,336,072 

do 

do 

2,336,448 

do 

Edwin, Cox 

2,342,738 

Feb. 29, 1944 

Jernstedt, G. W. 

2,346,302 

Apr. 11, 1944 

H. E. Hays, G. R. Hoover and 
A. E. Taylor 

2,348,698 

May 9, 1944 

J. S. Thompson 

2,351,605 

June 20, 1944 

R. C. Gibson 

2,373,433 

Apr. 10, 1945 

R. R. Tanner 

2,375,468 

May 8, 1945 

W. J. Clifford and H.-H. Adams 

2,394,065 

Feb, 5,1946 

G. W. Jernstedt 

2,398,212 

Apr. 9, 1946 

C. B. Durgin 

2,403,426 

July 2, 1946 

G. C. Romig and A. Douty 

2,412,543 

Dec. 10, 1946 

R. R. Tanner 

2,418,608 

Apr. 8, 1947 

J. S. Thompson and R. R. Tanner 

2,438,013 

Mar. 16, 1948 

R. R. Tanner 

2,438,877 

Mar. 30, 1948 

F. P. Spruance, Jr. 

2,449,495 

Sept, 14, 1948 

Lum, J. C. 

2,452,321 

Oct. 26, 1948 

Kluge, H. D. and Patterson, J. A. 

2,462,196 

Feb. 22, 1949 

Jernstedt, G. W. 

2,463,496 

Mar. 1, 1949 

Russell, W. S. 
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Table 29— Concluded 


Patent No, 

Date 

2,472,099 

June 7, 1949 

2,472,864 

June 14, 1949 

2,473,614 

June 21, 1949 

2,475,944 

July 12, 1949 

2,475,945 

do 

2,475,946 

do 

2,477,841 

Aug. 2, 1949 

2,478,954 

Aug. 16, 1949 

2,479,564 

do 

2,486,664 

Nov, 1, 1949 

2,490,062 

Dec. 6, 1949 

2,494,908 

Jan. 17, 1950 

2,494,910 

do 

2,499,261 

Feb. 28, 1950 

2,500,673 

Mar. 14, 1950 

2,502,441 

Apr. 4, 1950 

2,512,590 

June 20, 1950 

2,516,139 

July 25, 1950 

2,524,357 

Oct. 3, 1950 

2,527,828 

Oct. 31, 1950 

2,528,787 

Nov. 7, 1950 

2,529,206 

do 


Batentee 

Engle, L. S. and Fikar, W. 
Spruance, P. P., Jr., et al. 
Snyder, E. 

Clark, C. W. and Soholen, J. H. 
Clark, C. W. and Collins, T. C. 
do 

Ward,H. K. 

Tuttle, B. S. and Navoy, T. 
Gilbert, L. 0. 

Marling, P. E., et al, 

Jernstedt, G, W. 

Spruance, F. P., et al, 

Spruance, F. P., Jr. 

Rosenbloom, H. I. 

Gibson, R. C., et al. 

Dodd, S. R., et al, 

Swain, R. C. 

Mazia, J. 

Robey, P. 

Kruszynski, E. A., et ah 
Roland, G. T. 

Winslow, A. F., et aX, 
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Table 30. U. S. Patents Concerned with Bone Char Technology^ 


Patent No. 

Date 

Patentee 

Title 

12,602 

Mar. 27, 1855 

McNeill 

Char coal -furnace 

13,740 

Oct. 30, 1855 

Bertrand, C. E. 

Improvement in sugar-filters 

22,734 

Jan. 25, 1859 

Kattenhorn, H. 

Improvement hi revivification 
of bone-black 

26,457 

Dee. 13, 1859 

Bellows, W. 

Improvement in revivifying 
bone-black 

27,462 

Mar. 13, 1860 

Mitchell, W. 

1 

Improvement in apparatus for 
revivifying bone-black 

29,128 

July 10, 1860 

Kinzler, C. 

Apparatus for washing bone- 
black 

32,679 

July 2, 1861 

Brock, C. N. 

Improvement in apparatus for 
revivifying bone-black 

35,160 

May 6, 1862 

Leplay, A. H., Cuisin- 
ier, J. F. J. 

Improvement in revivifying 
animal charcoal for refining 
sugar 

35,212 

May 13, 1862 

Brison, C. 

Improvement in furnaces for 
retorts, stills, etc. 

36,230 

Aug. 19,1862 

Holler, W. 

Improved oven for re burning 
bone-black 

39,637 

Aug. 25, 1863 

1 Finken, G. 

Improved apparatus for re- 
vivifying bone-black 

39,638 

do 

1 Forrest, J. 

!■' 

[. 

Improvement in revivifying 
bone-black 

40,371 

Oct. 20, 1863 

Thulemeyer, G. 

Improvement in furnaces for 
reburning bone-black 

47,308 

Apr. 18, 1865 

Jasper, G. A. 

Improvement in cleansing and 
revivifying charcoal 

53,534 

Mar. 27, 1866 

do 

Improvement in cleansing ani- 
mal charcoal 

54,771 

May 15, 1866 

Quick, T. H. 

Improvement in purifying 
bone-black 

60,492 

Dec. 18,1866 

Eastwick, E. P. 

Improvement in bone-black 
kilns 

61,851 

Feb. 5, 1867 

Moller, W. 

Improvement in codling ani- 
mal coal 

62,537 

Mar. 5,1867 

Ficken, R., Williams, F. 
L. 

Improved machine for clean- 
ing and purifying bone- 
black 

62,927 

Mar. 19, 1867 

Bradford, W. R. 

Improved cover for kilns of 
sugar refiners 

65,389 

June 4, 1867 

Jasper, G. A. 

Improvement in retorts for 
revivifying bone charcoal 

65,457 

do 

Weber, A. 

Improvement in kilns for re- 
burning and purifying bone- 
black 


^ List prepared by Victor R. Beitz, National Bureau of Standards. 
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TABLE 30 — Continued 


Patent No. 

Date 

Patentee 

Tide 

65,597 

June 11, 1867 

Pierce, C. W. 

Improvement in the construc- 
tion of pots for charring or 
burning bones 

68,915 

Sept. 17, 1867 

Turner, D. H. 

Improvement in cooling and 
purifying animal charcoal 

71,536 

Nov. 26, 1867 

Quick, T. H. 

Improvement in purifying 
bone-black 

77,935 

May 12, 1868 

Turner, D. H. 

Improved apparatus for cool- 
ing and purifying bone- 
black 

87,653 

Apr. 6, 1869 

Endemann, H. 

Improved artificial bone- 
black 

88,700 

do 

I Eastwick, E. P. 

Improved bone-black kiln 

88,701 

do 

do 

Improvement in kilns for 
burning bone-black 

88,702 

do 

do 

Improved kiln for bone-black 

89,492 

Apr. 27, 1869 

McCann, J. 

Improved retort for preparing 
charcoal for rectifying spir- 
its, etc. 

90,097 

May 18, 1869 

Hanford, M. 

Improved apparatus for puri- 
fying, screening, and cool- 
ing reburnt bone-black 

92,751 

July 20,1869 

Rogers, J,, Reid, L. 

Improvement in treating and 
revivifying bone-black 

93,208 

Aug. 3, 1869 

Langen, E. 

Improved apparatus for emp- 
tying the cooling-tubes of 
bone-black furnaces. 

93,668 

Aug. 17, 1869 

Brasill, D., Mullane, D. 
A. 

Improved bone-black equal- 
izer 

96,899 

Nov. 16, 1869 

Donner, J. 0. 

Improved kiln for revivifying 
bone-black 

101,019 

Mar. 22, 1870 

Jasper, G. A. 

Improved apparatus for cool- 
ing and saving charcoal 

105,747 

July 26, 1870 

Weber, A. 

Improvement in furnaces for 
reburning bone-black and 
reducing ores 

113,279 

Apr. 4,1871 

Eissfeldt, H., Thumb, 
C. 

Improvement in purifying an- 
imal charcoal 

113,754 

Apr. 18, 1871 

Farley, P. 

Improvement in drying bone- 
black 

114,780 

May 16, 1871 

Eastwick, E. P. 

Improvement in kilns for re- 
burning bone-black 

116,361 

June 27, 1871 

' ■ i 

Senff, C. H. 

Improvement in apparatus for 
cooling bone-black 

119,005 

Sept. 19, 1871 

Beach, C. Y. 

Improvement in the manufac- 
ture of bone-black 
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Patent No. 

Date 

Patentee 

Title 

122,526 

Jan. 9, 1872 

Kelsey, W. H. 

Improvement in artificial 
bone-black for filtering 

134,686 

Jan. 7, 1873 

Lonsky, A. 

' 

Improvement in apparatus 
and processes for revivify- 
ing bone-black 

150,821 

May 12, 1874 

Buchanan, J., Vickess, 

Improvement in treating ani- 
mal charcoal or bone-black 

153,741 

Aug. 4, 1874 

Billitz, S, 

Improvement in the manufac- 
ture of bone-black 

155,919 

Oct. 13, 1874 

Blau, S. 

Improvement in the manufac- 
ture of bone-black 

158,166 

Dec. 29, 1874 

Colwell, L. 

Improvement in drying appa- 
ratus for animal char 

161,253 

Mar. 23, 1875 

Matthiessen, F. 0. 

Improvement in retorts for 
burning or revivifying char- 
coal 

165,344 

July 6, 1875 

Lugo, 0. 

Improvement in processes of 
manufacturing animal char- 
coal 

165,992 

July 27, 1875 

Gandolfo, J. 

Improvement in apparatus for 
burning and revivifying 
bone-black, etc. 

167,235 

Aug. 31, 1875 

Gandolfo, J. 

Improvement in bone-black 
revivifiers 

173,989 

Feb. 22, 1876 

Ockershausen, G. P. 

Improvement in furnaces for 
the manufacture of bone- 
black 

178,286 

June 6,1876 

' 

Gandolfo, J, 

Improvement in apparatus for 
burning and revivifying 
bone-black 

178,315 

June 6, 1876 

Lugo, 0. 

Improvement in preparing 
bone-black 

179,679 

July 4,1876 

do 

Improvement in treating and 
revivifying bone-black or 
animal charcoal 

186,327 

Jan. 16, 1877 

Doscher, C. 

Improvement in apparatus for 
cooling bone-black 

188,006 

Mar. 6, 1877 

Elmenhorst, W. R. 

Improvement in bone-black 
kilns 

188,029 

do 

Quimby, E. E. 

Improvement in bone-black 
retorts 

190,676 

May 15, 1877 

Gandolfo, J. 

Improvement in bone-black 
revivifiers 

194,256 

Aug. 14, 1877 

McKee ver, E. A. 

Improvement in recovery of 
spirits from spent charcoal 
of rectifying-filters 
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Patent No. 

Date 

Patentee 

Title 

199,118 

Jan. 8, 1878 

Stillman, 0. B., Web- 
ster, J. H. 

Improvement in measuring 
and discharging apparatus 
for cooling-tubes of char- 
furnaces 

221,726 

Nov. 18,. 1879 

Davis, G. D. 

Improvement in retorts and 
furnaces for calcining bones 

236,942 

Dec. 28, 1880 

Elmenhorst, W. R. 

Kiln for drying and revivify- 
' ing bone-black 

236,468 

Jan. 11, 1881 

Richards, E. K. 

Discharging apparatus for 
bone-black furnaces 

239,962 

Apr. 12, 1881 

Jennings, R. S. 

Apparatus for recarbonizing 
charcoal in filters 

247, 38S 

Sept. 20, 1881 

Meyer, G. F. 

Method of filtration 

249,004 

Nov. 1, 1881 

Chesebrough, R. A. 

The art of and apparatus for 
making and revivifying 
bone-black 

i 264,474 

[ 

Mar. 7, 1882 

Goubert, A. A. 

Automatic discharging ap- 
paratus for bone-black 
kilns, etc. 

257,114 

Apr. 25, 1882 

Webster, J. H., Still- 
man, 0. B. " 

Measuring and discharging 
apparatus for cooling-tubes 
of char-furnaces 

260,486 

July 4, 1882 

Lillie, M. S. 

Process of treating new bone- 
black and of revivifying old 
bone-black 

263,710 

Sept. 5, 1882 

do 

Process of washing bone-black 
in sugar-refineries and ap- 
paratus for carrying on the 
same 

265,723 

Oct. 10, 1882 

Weber, A. 

Furnace for burning and re* 
vivifying bone-black 

265,876 

do 

Schafer, A. 

Bone and wood burner 

268,981 

Dec. 12, 1882 

Barr, R. J. 

Discharge apparatus for cooL 
ers of bone-black kilns 

274,901 

Apr. 3, 1883 

Breer, H. 

Apparatus for treating animal 
matter for fertilizers 

278,356 

May 29, 1883 

Niese, H. E., Dinkel, G. 

Apparatus for cooling or dry- 
ing granular materials 

279,335 

June 12, 1883 

Clark, R. C. 

Process of renewing bone- 
black 

286,056 

Oct. 2,1883 

Newhall, G. M. 

Machine for drying sugar and 
other substances 

287,570 

Oct. 30, 1883 

Osmer, P. 

Apparatus for taking off am- 
monia from bone-black re- 
torts 

293,430 

Feb. 12, 1884 

Eastwick, E. P. 

Apparatus for revivifying 
bone-black 



666 


PHOSPHORIC ACID AND ITS DERIVATIVES 


TABLE ZO— Continued 


Patent No. 

Date 

Patentee 

Title 

297,948 

Apr. 29, 1884 

Osmer, F. 

Apparatus for taking off am- 
monia from bone-black re- 
torts 

303,378 

Aug. 12, 1884 

Matthiessen, F. 0. 

Bone-black kiln 

303,379 

do 

do 

Bone-black kiln 

308,476 

Nov. 25, 1884 

Eastwick, E. P. 

Bone-black kiln 

314,866 

Mar. 31, 1885 

Murdoch, G. 

Bone-black oven 

316,610 

Apr. 28, 1885 

Eastwick, E. P. 

Top plate for bone-black kilns 

320,110 

June 16, 1885 

Zwillinger, A. 

Apparatus for carbonizing 
bones, etc. 

329,184 

Oct. 27, 1885 

Matthiessen, F. 0. 

Continuous filter for filtering 
sugar-liquor 

329,185 

do 

do 

Bone-black filter for filtering 
sugar -liquors 

329,210 

do 

Quimby, E. E. 

Apparatus for decolorizing 
sugar-liquor by upward fil- 
tration through bone-black 

329,305 

do 

Gaunt, T, 

Bone-black discharger for 
continuous filters 

329,306 

do 

do 

Bone-black filter for filtering 
saccharine liquids 

329,324 , 

do 

Lillie, M. S. 

Bone-black drier 

329,329 

do 

Matthiessen, F. 0. 

Bone-black filter 

329,330 

. do 

do 

Apparatus for decolorizing 
saccharine and othef liquids 
by filtration through bone- 
black 

329,332 

do 

do 

Apparatus for d^iaolorizing 
sugar -liquor by upward fil- 
tration through bone-black 

335,137 

Feb. 2, 1886 

Lillie, S. M. 

Process of and apparatus for 
drying bone-black 

^ 335,586 

Feb. 9, 1886 

Howes, R, C. 

Bone-black discharger for 
continuous filters 


do 

Matthiessen, F. 0. 

Bone-black discharger for 
continuous filters 


do 

do 

Bone-black discharger for 
continuous filters 

■ ■■ 

do 

Quimby, E. E. 

Continuous filter for purifying 
sugar-liquors by bone-black 


do 

Matthiessen, F. 0. 

Apparatus for decolorizing 
sugar-liquor by filtration 
through bone-black 

337,411 

Mar. 9, 1886 

Lillie, S. M. 

Process of utilizing the waste 
heat from bone-black-reviv- 
ifying kilns 
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Patent No. 

Bate 

Patentee 

Title ■ 

340,005 

Apr. 13,1886 

Quimby, E. E. 

Draining device for upwardly- 
acting bone-black ■filters 

341,497 

May 11, 1886 

Newhall, G. M., Col- 
well, A. W. 

Bone-black drier 

343,666 

June 15, 1886 

Lillie, S. M. 

Apparatus for drying bone- 
black in sugar-refineries 

345,324 

July 13, 1886 

Schmandt, C. H. C. 

Bone-black kiln 

345,968 

July 20, 1886 

Harrison, A. C. 

Retort for calcining bone- 
black 

350,170 

Oct. 5, 1886 

Stillman, J. F. 

Bone-black revivifier 

351,929 

Nov. 2, 1886 

Lillie, S. M. 

Bone-black drier 

360,581 

Apr. 5, 1887 

Gaukroger, A. 

Screen-bottom for char char- 
coal washing and filtering 
tanks 

391,335 

Oct. 16, 1888 

Porter, C. L. 

Apparatus for restoring the 
spent properties of charcoal 

407,912 

July 30, 1889 

Weber, A. 

Furnace for burning bone 
black 

407,976 

do 

do 

Kiln for burning bone-black 

409,873 

Aug. 27, 1889 

Scherffius, J. 

Charcoal apparatus 

412,781 

Oct. 15, 1889 

McNab, J. 

Furnace for calcining bone- 
black 

414,552 

Nov. 5, 1889 

Langen, E. * 

Furnace for roasting or other- 
wise treating granular or 
pulverulent materials 

414,608 

do 

Urbain, E. 

Ground-bone furnace 

429,682 

June 10, 1890 

Guinon, R. V. F. de 

Apparatus for treating char- 
coal 

447,313 

Mar. 3, 1891 

Grimm, J. H., Penny- 
packer, W. G. 

Apparatus for reburning ani- 
mal charcoal 

450,209 

Apr. 14, 1891 

Whiddit, W. W. 

Recarbonizer for filters 

509,460 

Nov. 28, 1893 

Weinrich, M. 

Process of revivifying bone- 
black 

523,248 

July 17, 1894 

Trory, James T. 

Bone-black kiln 

526,180 

Sept. 18, 1894 

Dubbs, Jesse A. 

! Treatment of animal charcoal 

529,469 

Nov. 20, 1894 

Spreckels, Claus 

Apparatus for heating water 
in sugar-refineries 

530,632 

Dec. 11,1894 

Weinrich, Moriz 

Apparatus for decarbonizing 
and revivifying bone-black 

533,106 

Jan. 29,1895 

do 

Process of revivifying bone- 
black 

538,028 

Apr. 23, 1895 

Scribner, Edwin A. 

Apparatus for treatment of 
bone-black 

556,603 

Mar. 17, 1896 

Wheeler 

Bone-black kiln 

557,498 

Mar. 31, 1896 

Eba, Bernhardt 

Kiln for revivifying bone- 
black 
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Patent No. 

Bate 

Patentee 

Title 

584,071 

June 8, 1897 

Booraem, John V. V. 

Apparatus for revivifying 
char 

585,658 

July 6,1897 

Bonner, John 0. 

Apparatus for decarbonizing 
bone-black 

586,278 

July 13, 1897 

Weinrich, Moriz 

Eevivifying bone-black 

587,057 

July 27, 1897 

Jarves, Beming 

Eetort 

592,547 

Oct. 26, 1897 

Krause, Arthur E. 

Apparatus for revivifying 
bone-black 

612,319 

Oct. 11, 1898 

Eba, Bernhardt 

Bone-black kiln 

617,080 

Jan. 3, 1899 

Catlett, Charles 

Eevivifying bone-black 

624,510 

May 9, 1899 

Lister, Edwin 

Bone-black kiln 

638,177 

Nov. 28, 1899 

Eba, Bernhardt 

Bone-black kiln 

644,507 

Feb. 27, 1900 

do 

Bone-black retort 

708,898 

Sept. 9, 1902 

Mohr, W. T. 

Bone-black kiln 

742,723 

Oct. 27,1903 

Newhall, G. M. 

Char-Brier 

769,421 

Sept. 6, 1904 

Weinrich, Moriz 

Apparatus for drying bone- 
black 

796,303 

Aug. 1, 1905 

Eba, Bernhardt 

Bone-black kiln 

796,304 

do 

do 

Bone-black kiln 

831,805 

Sept. 25, 1906 

Siebel, John E. 

Process of treating bone-black 

851,409 

Apr. 23,1907 

Buisdieker, Charles H. 

Eetort 

871,705 

Nov. 19, 1907 

Kent, Eobert S. 

Apparatus for drying charcoal 

912,644 

Feb. .16, 1909 

Bennett, Eobert 

Eetort 

914,052 

Mar. 2, 1909 

Kent, E. S. 

Apparatus for drying finely- 
divided material 

940,520 

Nov. 16, 1909 

Eba, B. 

Bone-black kiln 

947,503 

Jan. 25,1910 

1 Utley, J.H. 

Process of purifying animal 
charcoal and the product 
thereof 

961,180 

June 14, 1910 

do 

, 

Bone-black filter for clarify- 
ing gelatin liquors and the 
like 

972,002 

Oct. 4,1910 

Kent, E. S. 

Kiln for revivifying char 

972,023 

do 

! Eitchay, V. O., Bessel- 
man, F. W, 

Bone-burner 

978,625 

Dec. 13,1910 

Nichols, 0. P. 

Bone-black furnace 

984V931 

Feb. 21, 1911 

Kent, E. S. 

Apparatus for drying charcoal 

1,004,176 

Sept. 26, 1911 

do 

Kiln for revivifying char 

1,052,113 

Feb. 4, 1913 

Wiese, H. 

Process for refining sugar 

1,058,369 

Apr. 8, 1913 

Kent, E. S. 

Kiln for drying char 

1,084,772 

Jan. 20, 1914 

Weinrich, M. 

Process of defecating raw 
cane-sugar or cane-sugar 
syrup 

1,121,429 

Dec. 15, 1914 

do 

Apparatus for drying bone- 
black 

1,133,049 

Mar. 23, 1915 

McKee, E. H. 

Purification of liquids 
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Patent No. 

Date 

Patentee 

Title 

1,135,216 

Apr. 13, 1915 

Spanutius, F. W. 

Process for making a decolor- 
izer 

1,146,265 

July 13, 1915 

Kent, R. S. 

Apparatus for drying finely - 
divided material 

1,151,553 

Aug. 31, 1915 

Adler, Rudolf 

Process of making animal 
charcoal 

1,158,965 

Nov. 2, 1915 

Beatty, W. A. 

Process of depositing carbon 
in porous substances 

1,160,657 

Nov. 16, 1915 

Ritchay, V. 0., Trim- 
mer, H. A. 

Bone-burner 

1,177,725 

Apr. 4, 191C 

Scott, J. W. 

Process of reconditioning 
bone-black 

1,184,397 

May 23. 191C' 

Weinrich, M. 

Process of revivifying or de- 
carbonizing bone-black and 
other filtering media 

1,184,398 

do 

do 

Apparatus for revivifying and 
for decarbonizing bone- 
black and other media 

1,195,720 

Aug. 22, 19ie 

Pilaski, L. 

Process of making active char- 
coal powder 

1,207,178 

Dec. 5, 1916 

Kent, R, S. 

Apparatus for revivifying 
char 

1,262,769 

Apr. 16, 1915 

Garner, J. B., Clay- 
ton, H. D. 

Manufacture of chlorinated 
hydrocarbons 

1,269,080 

June 11, 1915 

Hayashi, Takakazu, 

Emura, Umejiro 

Process of treating phosphoric 
acid to be used as a clarifier 

1,308,826 

July 8, 1919 

Weinrich, M. 

Method of manufacturing car- 
bonaceous filtering mediums 

1,356,631 

Oct. 26, 1920 

Kennedy, C. F. 

Revivification of filtering 
agents 

1,399,503 

Dec. 6, 1921 

McCrae, G. 

Cylindrical kiln and drier 

1,430,200 

! Sept. 26, 1922 

Tiemann, F. 

Process for purifying sugar 
Juices by filtration and de- 
cantation 

1,434,023 

Oct. 31, 1922 

Peiter, F. 

Rotary kiln 

1,440,095 

Dec. 26, 1922 

Mosher, C. D, 

Fuel-burning apparatus 

1,440,194 

do 

Wijnberg, A. 

Method of drying, burning, 
and recovering finely di- 
vided material 

1,443,529 

Jan. 30, 1923 

Dworzak, A. 

Rotary furnace or kiln 

1,446,857 

Feb, 27,1923 

Peiter, F. 

Kiln 

1,447,461 

Mar. 6,1923 

Brewster, J. F., Raines, 
W. G., Jr. 

Method for employing decol- 
orizing carbons and other 
adsorbing materials 

1,448,846 

Mar. 20, 1923 

Jordan, W. L. 

Process for making a composi- 
tion for purifying liquids 






TABLE 30 — Continued 


Patent No. 

Date 

Patentee 

1,473,491 

Nov. 6, 192 

3 Manning, F. W. 

1,475,502 

Nov. 27, 192c 

^ do 

1,490,846 

1,496,229 

1,500,862 

1,507,521 

1,513,622 

Apr. 15, 1924 
June 3, 1924 
July 8, 1924 
Sept. 2, 1924| 
Oct. 28, 1924 

Norbek, J. 

Jones, W. 
Bonaparte, S. G. 

1 Russell, M. 
Manning, F. W. 

1,533,866 

1,551,075 

1,559,054 

Apr. 14, 1925 
Aug.' 25, 1925 
Oct. 27, 1925 

Kent, E. C. 
Thienemann, H. 
Smith, A. W. 

1,592,599 

July 13, 1926 

Davis, C. B. 

1,602,678 1 

Oct. 12, 1926 

Kent, R. S. 

1,624,296 i 
1,692,745 1 

^pr. 12, 1927 
^ov. 20, 1928 ; 

Welle, H, C. 

Kemp, W. W. 



1,755,156 

1,758,202 

1,784,626 

1,829,741 

1,856,302 

1,863,803 

1,891,407 

1,917,339 
1,918,367 , 


I Apr. 15, 1930| 

May 13, 1930| 

Dec. 9, 1930 
Nov. 3, 1931 
May 3, 1932| 

June 21, 1932 ! 

L>ec: 20, 1932 


1,934,930 

1,962,643 

1,966,553 

1,971,895 

2,000,972 
2,046,687 : 


July 11 , 1933| 
July 18, 1933 

Nov. 14, 1933 
June 12, 1934 
July 17,1934 
Aug. 28, 1934| 

May 14, 1935, 
July 7, 1936 ‘ 


CJrbain, E. 

Rice, E. W. 

Haraill, J. 

DeVries, 

Wheeler, T. L., Carpen- 
ter, J. B. 

Pantenburg, V. 


Godel, A. 


Straitz, J. JF. 
Ackermann, A. 

Kent, R. S. 
do 

Kropp, C. L. 
Andrews, N. B. 

Manross, B. 
Kent, R. S. 


Method and apparatus for 
treating materials for filter- 
ing, decolorizing, and sinfi- 
lar purposes 

Method of revivifying finely, 
divided Puller’s earth, bone 
char, and the like 

Furnace 

Filtering Medium 

Drier 

Process for revivifying filters 
Apparatus for revivifying 

purifying materials 

Rotary Kiln 
Highly-active charcoal 
Method of manufacture of 
prepared charcoal 
Synthetic bone char and 
method of producing same 
Sectional retort for retort 
kilns 

Method of treating sugar 
Method of treating bone-black 
or char 

Bone-black of great decolor- 
izing power 
Method of and apparatus for 
reactivating charcoal 
Bone-char-drying apparatus 
iJrier 

Method of making bone-black 

Apparatus for the regenera- 

tion of adsorption material 
Activation of carbonaceous 
substances 
Char retort 

Apparatus for activation of 
carbonaceous substances 
Drier and granulator 
Drier 

Absorbent briquette 
Process of reclaiming bone- 
-black and like materials 
Revivifier 

Kiln retort structure 
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Patent No. 

Date 

Patentee 

'■ Title 

2,064,813 

Dec. 

22, 1926 

Andrews, N. R. 

Apparatus for utilizing fur- 
nace gases in the reclaiming 
of bone-black and like ma- 
terials 

2,073,388 

Mar. 

9, 1937| 

Elliott, R. D., Elliott, 
M. J. 

Means for treating liquids 

2,076,647 

Apr, 

13, 1937 

Johnson, B. M. 

Apparatus for revivifying 
charcoal 

2,082,656 

June 

1, 1937 

Reichert, J. S., Elliott, 
R. B. 

Process of purification of 
sugar solutions 

2,083,756 

June 

15, 1937 

Vissac, G. A. 

Apparatus for drying and 
treating wet granular ma- 
terials 

2,170,601 

Aug. 

22, 1939 

Wilson, S. M., Wagga- 
man, W. H. 

Process of producing material 
for purifying liquids 

2,178,587 

Nov. 

7, 1939 

Kauffmann, H. 0. 

Decolorizing sugar solutions 

2,209,069 

July 

23, 1940 

Bodenheim, F. A., 
Heath, C. E. 

Adsorbent material and proc- 
ess 

2,226,421 

Dec. 

24, 1940 

Barrett, E. P., Beal, G. 

. , D. 

Lecoq, L. P. V. 

Bone-black 

2,277,854 

Mar. 

31, 1942 

Colloidal tertiary calcium 
phosphate 

2,352,932 

July 

4, 1944 

Barrett, E. P., West, J. 

R. 

Deitz, V. R. 

Adsorbent 

2,369,139 

Feb. 

13, 1945 

Method of treating bone-black 

2,372,996 

Apr. 

3, 1945 

Wickenden, L. 

Method of treating sugar melts 

2,391,116 

Dec. 

18, 1945 

Ashley, K. D. 

Method of producing granu- 
lar adsorbent 

• 


phosphoric acid and its derivatives 


Table 31. U. S. Patents on Phosphates in Glass 
P atent No. 


and Cebamic Pboducts 


295,410 

1,570,202 

1,961,603 

1,964,629 

2,031,958 

2,042,425 

2,100,391 

2,194,784 

2,226,418 

2,227,082 

2,232,462 

2,252,588 

2,266,646 

2,278,501 

2,359,789 

2,381,925 

2,393,469 

2,415,661 

2,423,128 

2,427,728 

2,430,539 

2,441,853 

2.455.413 

2.455.414 

2.455.415 
2,496,824 
2,518,194 


Mar. 18, 1884 
Jan. 19, 1926 
June 5, 1934 
June 26, 1934 
Feb. 25, 1936 
May 26, 1936 
Nov. 30, 1937 
Mar. 26, 1940 
Dec. 24, 1940 
Dec. 31, 1940 
Feb. 18, 1941 
Aug. 12, 1941 
Dec. 16, 1941 
Apr. 7, 1942 
Oct. 10, 1944 
Aug. 14, 1945 
Jan. 22, 1946 
Feb. 11, 1947 
July 1, 1947 
Sept. 23, 1947 
Nov. 11, 1947 
May 18, 1948 
Dec. 7, 1948 
do 
do 

Feb. 7, 1950 
Aug. 8, 1950 


Jtvnam, h. 

Buck, E. C. 

Berger, E. 

Crimm, H. G. and Huppert, P 
Kaufmann, W. and Bungarts, E 
Kaufmann, W. et al. 

Grimm, H. G. and Huppert, P 
Berger, E. ^ • 

Tillyer, E.'D. et al. 

Grimm, H. G. and Huppert P 
Lower, D. E. 

Whitesell, R. J. 

Lower, D. E. 

Tillyer, E. D. et al. 

Pincus, A. G. 
do 


Hooley, Jr. G. 

Sun, K. H. and Huggins, M. L. 
Tillyer, E. B. 

Jenkins, H. G. et al 
Sun, K. H. 

Stanworth, J. E. 

Eroelich, H. C. et al. 
do 

Eroelich, H. C. 

Sun, K. et al. 

Silverman, A. et al. 
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Table 32. IT. S. Pajents on Phosphate Plambpbooping PaODUors 


Patent No. 

Date 

724,788 

Apr. 7, 1903 

802,311 

Octv 17, 1905 

1,030,909 

July 2, 1912 

1,080,966 

Dec. 9, 1913 

1,116,349 

Nov. 3, 1914 

1,133,385 

Mar. 30, 1915 

1,271,506 

July 2, 1918 

1,274,171 

July 23, 1918 

1,310,841 

July 22, 1919 

1,329,386 

Feb. 3, 1920 

1,382,618 

June 28, 1921 

1,397,028 

Nov. 15, 1921 

1,436,231 

Nov. 21, 1922 

1,501,895 

July 22, 1924 

1,501,911 

do 

1,523,813 

Jan. 20, 1925 

1,523,814 

do 

1,594,201 

July 27, 1926 

1,743,176 

Jan. 14, 1930 

1,804,633 

May 12, 1931 

1,837,150 

Dec. 15, 1931 

1,870,972 

Aug. 9, 1932 

1,886,775 

Nov. 8, 1932 

1,917,176 

July 4, 1933 

1,938,746 

Dec. 12, 1933 

1,945,714 

Feb. 6, 1934 

1,975,072 

Oct. 2; 1934 

1,985,771 

Dec. 25, 1934 

2,030,653 

Feb. U, 1936 

2,032,605 

Mar. 3, 1936 

2,036,854 

Apr. 7, 1936 

2,071,353 

Feb. 23, 1936 

2,071,354 

do 

2,089,697 

Aug. 10, 1937 

2,097,509 

Nov. 2, 1937 

2,167,278 

July 25, 1939 

2,194,827 

Mar. 26, 1940 

2,212,152 

Aug. 20, 1940 

2,225,831 

Dec. 24, 1940 

2,233,475 

Mar. 4, 1941 

2,262,634 

Nov. 11, 1941 

2,286,308 

June 16, 1942 

2,286,726 

do 

2,302,107 

Nov. 17, 1942 

2,305,035 

Dec. 15, 1942 

2,343,186 

Feb. 29, 1944 

2,368,660 

Feb. 6, 1945 


Patentee ■ 

Blenio, G. 

Patten, W. D. 

Mesturina, G, A. 

Hall, W. A. 

Zeller, W. C. 

Lindsay, W. G. 

Ferguson, G, E. 

Majot, E. 

Robinson, E. G. 

Embardt, J. C. 

Blenio, G, 

Wortelmann, G. A. 

Blenio, G. 

Andrews, L. W. and Mathias, L* 

D. 

Mathias, L. D. 

Lindsay, W. G. 
do 

Horan, C. 

Winckler, W. J. 

McKee, R. H. 

Dreyfus, C. et aL 
Theumann, M. J. 

Zelger, G. E. 

Winogradow, A. 

Engelhardt, R. 

Winogradow, A. 

Booth, C. F- 
Eichengrun, A. 

Quinn, R. G. 

Whitehead, W* 

Dickie, W. A. and Hill, F. B. 
Morgan, W. L. 
do 

Groebe, F. 

Boiler, E.R. 

Leathermann, M. 

Gordon, A. 

Cupery, M, E, 

Hera:,W. 

Dreyfus, H. 

Cobbs, W. W. 

Rosser, C. M. 

Gordon, W. E. 

Datlow, J. 

Rosser, C. M. 

Hopkinson, H^ 

Hockstetter, F. W. 


phosphoric acw and its derivatives 


Patent No. 

2,378,714 

2,386,471 

2,401,440 

2,407,668 

2,418,525 

2,418,843 

2,421,218 

2,461,302 

2,464,342 

2.470.042 

2.471.042 
2,472,335 
2,^,626 

2.482.755 

2.482.756 
2,523,626 
2,526,083 
2,526,427 
2,526,462 


Table 32 — Concluded 


Date 

July 19, 1945 
Oct. 9, 1945 
June 4, 1946 
Sept. 17, 1946 
Apr. 8, 1947 
Apr. 15, 1947 
May 27, 1947 
Feb. 8, 1949 
Mar. 15, 1949 
May 10, 1949 
do 

June 7, 1949 
July 12, 1949 
Sept. 27, 1949 
do 

Sept. 26, 1950 
Oct. 17, 1950 
do 
do 


Patentee 

Feathermann, M. 
Jones, G. ei aL 
Thomas, C. A. al. 
Leatherman, M. 

Poliak, p. p. 
Leatherman, M. 

Poliak, P. p. 

Truhlar, J. 

Poliak, p. p. a?. 
McLean, A. aL 
do 
do 

Leathermann, L. 

Ford, P. M. and Hall, W 
do 

Jones, G. Jr. et al. 
Nielson, M. L. 

Simon, E. et al. 

Edelstein, 0. 


P. 


APPENDIX 


67S' 


Table 33. U. S. Patents on Miscellaneous Phosphate Pbocesses and Pboducts 


Patent No. 

Bate 

54,635 

May 8, 1866 

171,857 

Jan. 4, 1876 

209,980 

Nov. 19, 1878 

238,133 

Feb. 22, 1881 

423,320 

Mar. 11, 1890 

517,661 

Apr. 3, 1894 

517,662 

do 

792,314 

June 13, 1905 

824,280 

June 26, 1906 

824,281 

do 

947,795 

Feb. 1, 1910 

947,796 

do 

1,002,248 

Sept. 5, 1911 

1,024,880 

Apr. 30, 1912 

1,104,326 

July 20, 1914 

1,147,926 

July 27, 1915 

1,222,112 

Apr. 10, 1917 

1,235,906 

Aug. 7, 1917 

1,261,025 

Apr, 2, 1918 

1,316,396 

Sept. 16, 1919 

1,348,990 

Aug. 10, 1920 

1,361,596 

Dec. 7, 1920 

1,425,747 

Aug. 15, 1922 

1,440,836 

Jan. 2, 1923 

1,445,167 

Feb. 13, 1923 

1,472,675 

Oct. 30, 1923 

1,501,915 

July 22, 1924 

1,607,666 

Nov. 23, 1926 

1,617,098 

•Feb. 8, 1927 

1,633,959 

June 28, 1927 

1,678,775 

July 31, 1928 

1,713,868 

May 21, 1929 

1,777,908 

Oct. 7, 1930 

1,783,417 

Dec. 2, 1930 

1,859,250 

May 17, 1932 

1,884,558 

Oct. 25, 1932 

2,020,649 

Nov. 12, 1935 

2,037,316 

Oct. 13, 1936 

2,078,627 

Apr. 27, 1937 

2,087,230 

July 20, 1937 

2,091,178 

Aug. 24, 1937 

2,092,913 

Sept. 14, 1937 

2,095,366 

Oct. 12, 1937 

2,095,993 

Oct. 19, 1937 

2,096,742 

Oct. 26, 1937 

2,097,446 

Nov. 2,1937 

2,102,119 

Dec. 14, 1937 


Patentee 

Wister, J. 

Ravenei, St. J. 

Pirz, A. 

Lewis, Geo. T. 

Hudgkins, E. R. 

Powter, N. B. 
do 

Chisolm, W. B. 
do 
do 

Coates, L. R. 
do 

Ellis, C. 

Coates, L. R. 

Stoltzenberg, H. 

Chisdlm, W. B. 

Lipman, J. G. 
do 

Hoff, J. N. 

Snelling, W. 0. 

Giesecke, A. 

Lipman, J. G. 

Coates, L. R. 

Morgan, E. A. 

Plauson, H. 

Reed, M. C. 

Nikaido, Y. 

De Haen, W. 

Blumenberg, H., Jr. 

Smolezyk, E. 

Graven, J. H. 

Edwards, R. S. 

Bodero, B. 

Durgin, C. B. et aL 
Bertel, R. 

Calcott, W. ei aL 
Ipatieff, V. 

Rutherford, C. H. 

Block, L. et al. 

Bigeon, J. A, M. 

Gilbert, H. N. et al 
Eiske, A. H. 

Marsico, S. E. 

Macintire, W. H. 

Hale, W. J. 

Claiborne, J. L. and Peterson, P. 
D. . 

Henkel, L. C. 


070 


Patent No. 

2,108,940 

2,111,532 

2 , 120,212 

2,120,702 

2,121,520 

2,126,793 

2,130,557 

2,132,000 

2,132,439 

2,133,286 

2.133.289 

2.133.290 

2.133.310 

2.133.311 
2,134,706 

2,137,674 

2,137,792 

2,138,029 

2.138.870 

2.142.870 

2.142.871 
2,148,378 
2,148,634 
2,151,984 
2,157,164 
2,158,154 
2,159,381 

2.160.232 

2.160.233 

2.160.700 

2.160.701 
2,161,035 
2,162,655 
2,163,065 
2,163,901 
2,164,228 
2,168,169 
2,169,576 
2,170,274 
2,170,601 
2,173,103 
2,173,376 
2,194,827 

2.200.742 

2.200.743 
2,204,157 
2,206,226 


phosphoric acid and its derivatives 


Table 33 — Continued 


Date 

Feh. 22, 1938 
Mar. 15, 1938 
June 7, 1938 
June 14, 1938 
June 21, 1938 
Aug. 16, 1938 
Sept. 20, 1938 
Oct. 4, 1938 
Oct. 11, 1938 
Oct. 18, 1938 
do 
do 
do 
do 

Nox. 1, 1938 

Nov. 22, 1938 
do 

Nov. 29, 1938 
Oec. 6, 1938 
Jan. 3, 1939 
do 

Feh. 21, 1939 
Teb. 28, 1939 
Mar. 28, 1939 
May 9, 1939 
May 16, 1939 
May 23, 1939 

May 30, 1939 • 
do 
do 
do 

June 6, 1939 
June 13, 1939 
June 20, 1939 
June 27, 1939 
do 

Aug. 1, 1939 
Aug. 15, 1939 
Aug. 22, 1939 
do 

Sept. 19, 1939 
do 

Mar. 26, 1940 
May 14, 1940 
do 

June 11, 1940 

July 2, 1940 


■racentee 

Maclntire, W. H. 
Hagood, Johnson 
Ourtin, L. P. 

Ipatieff, V. et al. 
Curtin, L. P. 
Maointire, W. H. ei al, 
Munter, C. J. 

Curtin, L. P. 
liomig, G. C. 

I’iske, A. H. 

Fraser, L. H. D. 
do 

Shuman, R. L. 
do 


I. H. and Cunningham, 0. 

Maclntire, W. H. 

Woodstock, W. H 
Fiske, A. H. 

I^owes, B. E. 

Hall, L. A. and Griffith, C. L 
do 

Malishev, Boris 
do 


Moyle, C. L. and Bass, S. L. 
Oaly, A. J. and Lowe, W. G 
Rose, J. R. 


Pauser, Karl 
Schiaeger, J. R. 
do 


Hnox, W. H, 
do 

Gilbert, H. W. 

Volkel, W. 

Rosenstein, L. 

Walker, W. C. 

Burns, J. R. 

Meyer, 0. 

Booth, C. P. 

Morgan, W. L. 

Wilson, S. M. et al. 
Fraser, L. H. 

Ruse, J. R. 

Gordon, A, 

Hardy, C. 
do 

Semon, W. L. 
Groombridge, W. H. e< al. 
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Table Continued 


Patent No. 

Date 

Patentee 

2,213,127 

Aug. 27, 1940 

Kerschbaum, F. P. et al. 

2,216,552 

Oct. 1, 1940 

Gage, W. P. 

2,222,734 

Nov. 26, 1940 

Bancroft, W. D. ei al. 

2,222,735 

do 

do 

2,222,736 

do 

do 

2,222,737 

do 

do 

2,222,738 

do 

do 

2,227,082 

Dec. 31, 1940 

Grimm, H. et al. 

2,227,432 

Jan, 7, 1941 

Behrman, A. S. 

2,227,928 

do 

Drucker, Julius 

2,232,462 

Feb. 18, 1941 

Lower, D. E. 

2,252,588 

Aug. 12, 1941 

Whitesell, R. J. 

2,257,281 

Sept. 30, 1941 

» Scholz, H. A. 

2,260,819 

Oct. 21, 1941 

Ballasa, L. 

2,261,174 

Nov. 4, 1941 

McCsjUley, R. B. 

2,262,634 

Nov. 11, 1941 

Cobbs, W.W. 

2,266,646 

Dec. 16, 1941 

Lower, D. E. 

2,271,374 

Jan. 27, 1942 

MacKay, C. J. 

2,291,958 

Aug. 4, 1942 

Garrison, A. D. 

2,301,913 

Nov. 17, 1942 

Veltman, P. L. 

2,324,079 

July 13, 1943 

Greger, H. H. 

2,330,865 

Oct. 5, 1943 

Butzler, E. W. 

2,336,651 

Dec. 14, 1943 

Stratford, R. K. 

2,336,793 

do 

Layng, E. T., et al. 

2,341,581 

Feb. 15, 1944 

Teichmann, C. F. 

2,352,168 

June 27, 1944 

Christensen, L. M. 

2,355,081 

Aug. 8, 1944 

Julian, P. L., aZ. 

2,363,011 

Nov. 21, 1944 

Michalek, J. C. 

2,364,970 

Dec. 12, 1944 

Gwynn, M. H. 

2,367,877 

Jan. 23, 1945 

Layng, E. T. 

2,369,301 

Feb. 13, 1945 

Kerschbaum, F. P, 

2,369,693 

Feb. 20, 1945 

Tollefson, R. C, 

2,375,638 

May 8, 1945 

England, L. H/ 

2,384,502 

Sept. 11, 1945 

Streicher, J. S. 

2,385,832 

Oct. 2, 1945 

Musselman, J. M. 

2,391,493 

Dec. 25, 1945 

Wainer, Eugene and Salomon. 
Allen 

2,395,126 

Feb. 19, 1946 

King, C. S. 

2,396,859 

Mar. 19, 1946 

Latchum, J. W. 

2,396,918 

do 

Hubbard, F. E. and McCullough, 
C. R. 

2,408,784 

Oct. 8, 1946 

Lange, W. et al. 

2,408,785 

do 

Lange, W. 

2,414,974 

Jan. 28, 1946 

Nielson, M. L. 

2,415,661 

Feb. 11,1947 

Sun, Kuan -Han et al. 

2,416,807 

Mar. 4, 1947 

Watkins, F. M. 

2,417,462 

Mar. 18, 1947 

Adler, H. 

2,417,804 

Mar. 25, 1947 

do ■■■ 

2,418,422 

Apr. 1, 1947 

Palmer, R. C. 
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Patent No, 

Date 

2,418,843 

Apr. 15, 1947 

2,420,859 

May 20, 1947 

2,423,128 

July i, 1947 

2,423,154 

do 

2,423,895 

July 15, 1947 

2,424,992 

Aug. 5, 1947 

2,426,394 

Aug. 26, 1947 

2,426,678 

Sept. 2, 1947 

2,427,728 

Sept. 23, 1947 

2,427,847 

do 

2,430,400 

Nov. 4, 1947 

2,430,539 

Nov. 11, 1947 

2,432,095 

Dec. 9, 1947 

2,440,303 

Apr. 26, 1948 

2,441,853 

May 18, 1948 

2,450,952 

Oct. 5, 1948 

2,451,748 

Oct. 19, 1948 

2,454,056 

Nov. 16, 1948 

2,455,413 

Dec. 7, 1948 

2,455,414 

do 

2,455,758 

do 

2,456,367 

Dec. 14, 1948 

2,456,368 

do 

2,458,292 

Jan. 4, 1949 

2,459,090 

do 

2,459,113 

do 

2,459,115 

do 

2,463,429 

Mar. 1, 1949 

2,463,792 

Mar. 8, 1949 

2,464,902 

Mar. 22, 1949 

2,465,292 

do 

2,470,136 

May 17, 1949 

2,471,115 

May 24, 1949 

2,472,379 

June 7, 1949 

2,472,616 

do 

2,476,654 

July 19, 1949 

2,476,676 

do 

2,481,807 

Sept. 13, 1949 

2,481,700 

do 

2,481,807 

do 

2,482,104 

Sept. 20, 1949 

2,482,750 

Sept. 27, 1949 

2,488,298 

Nov. 15, 1949 

2,488,299 

do 

2,521,514 

Sept. 5, 1950 ‘ 

2,521,676 

Sept. 12, 1950 

2,522,548 

Sept. 19, 1950 

2,525,144 

Oct, 10, 1950 

2,525,145 

do 


■Concluded 

Patentee 

Leatherman, M. 

Buckner, O. S. 

Tilyer, E. D. 

0*Brien, J. W. 

Lange, W. et al, 

Lee, R. 

Hall, R. E. et al. 

Greenberg, H. 

Jenkins, H, C. et al. 

Fryiing, C. F. 

Hoelscher, A, P. 

Sun, Kuan -Han 
Frey, D. R. 

Silverstein, M. S. 

Stanworth, J. E. 

Greger, H. H. 

Kraybill, H. R. et al. 

Greger, H. H. 

Froelich, H. C. et al. 
do 

Greger, H. H. 

Britton, E. C. et al. 
do 

Munter, C. J. 

Otto-, F. P. and Meyer, R. O. 
Oberright, E. A. 
do 

Roberts, E. N. 

Morgan, W. L. 

Stuart, K. B. 

Sparks, W. J. et al. 

Bramberry, H. M. 

Mikeska, L. A, 

Lawson, H. E. 

Prescott, W. G. et al. 

Froelich, H. C, 

McKeag, A. H, 

Anderson, C. C. 

Sun, K. H. and Higgins, M. L, 
Anderson, D. E. 

Dolian, F. E. 

Erickson, A. M. et at. 

Lange, W. et al. 
do 

Hartough, H. D. 
Schmidt-Nickels, W. 

Streicher, J. S. 

Mavity, J. M. 
do 
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Acids of phosphorus, 7-13 
hypophosphoric, 9 
hypophosphorous, 8 
metaphosphoric, 10 
metaphosphorous, 8 • 
orthophosphoric, 11 
pyrophosphoric, 10 

pyrophosphorous, 8 ^ oi_*m 

Agriculture, role of phosphorus m , ^ 

Algerian phosphate deposits, IId-Ho 
A lkali metal salts, treatment of rocK 
with, 380-387 ^ 

Alkali metal patented processes, o47-o4y 

reactions with phosphoric acid, 
reactions with superphosphate, 322-331 
reactions with triple superphosphate, 

322-325, 328 

Ammoniated superphosphate, 321-342 
chemistry of, 322-331 
citrate solubility of, 331 
degree of ammoniation, 328, 329 
economics of, 342 
effect of calcium sulfate, 325-328 
effect of fluorine, 331, 332, 334 
effect of moisture, 335 
effect of neutralizing agents^ 335, 336 
heat of reactions, 329-331 
physical effects, 336, 337 
Ammoniating agents, 337-339 
Ammonium phosphates, 308-321 
diammonium phosphate, 317-321 
compatability of, 318, 319 
manufacture of, 319-321 
properties of, 317-318 
flameproofing, use in, 547-549 
monammonium phosphate, 308-317 
compatability of, 311-313 
manufacture of, 313-317 
properties of, 308-311 
monammonium and potassium phos- 
phate, 354 

U. S. patents on, 630-632 
yeast culture, use in, 562-563 

Analysis of phosphates, 607-612 

prospectors’ test, 607 
qualitative test, 607, 608 
quantitative methods, 608-612 
Angaur Island phosphate, 123 

Animal body, composition of, 17 
Animal feeds, 19, 20 


Animal metabolism, phosphoric • 

15,460 

Arkansas phosphate deposits, lOA-ino 
Apatite, 35-36, 364, 376-377 ’ 

Arsenic, removal from phosphoric 

Asia, phosphates of, 129-130 
Available phosphates, Agricultural 355^ 

357 

Bacterialized phosphates, 416-417 
Baking acids, 439-452 
calcium acid pyrophosphate, 440 

monoealcium phosphate, 440* 442-440 
monosodium phosphate, 440 
sodium acid pyrophosphate, 440 440 

450-452 ’ 

sodium aluminum sulfate, 440 451 
Baking powders, 438, 455-458 * 

composition of, 457 
neutralizing strength, 441-442 
reactions in, 450-454 
Baking tests, 450-455 
Basic slag, 356-367 
Bertrand-Theil Process, 366 
Bessemer Process, 359-360 
composition of, 360 
Duplex Process, 366-367 
enrichment of , 365—367 
Open Hearth Process, 363-365 
production of, 358 
solubility of, 362 
Belgium, phosphates of, 119 
Beverages 

acids employed, 564r-565 
quantities employed, 565 
phosphoric acid in, 563-566 
relative sourness of acids, 565 
Boiler water 

action of phosphates, 464 
phosphates in treatment of, 463-468 

Bone ash, 31, 32 

Bone china, 683-584 
Bone char 528-540 {See also Sugar refin- 
ing), 

composition of, 32 

' manufacture of, 529-536 
revivication of, 532, 533 
U.S. Patents on, 662-671 
Bone, degreased, 367-370 
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Bone, raw, 30 
Bread improvers, 460-461 
Briquettes, for phosphorus furnaces, 140- 
141 

Calcined phosphates, production of 366- 
404 

alkali metal hydroxide, with, 379 
alkali metal salt, with, 379-380 
alkali metal salt and silica, with, 378 
calcium magnesium phosphate, 387-390 
defluorinated phosphate rock, 390-391, 
399-404 

fused tricalcium phosphate, 393-399 
lime and silica additions, 377-378 
Calcium sulfate, 183, 188, 275-276 
Calcium metaphosphate, 403-411 
composition of, 411 
manufacture of, 409-411 
Catalysts, phosphate, 566-569 
Chlorophosphate, 346 
Christmas Island phosphate deposits, 127 
Colloidal and peptized phosphate, 418 
Complete fertilizers, 420 
composition of, 423 
conditioning of, 432, 434 
formulation of, 424-432 
mixing, 434-436 

Concentrated fertilizer materials, 421- 
424,430 

triangular system of formulation, 427- 
432 

Concentrated superphosphate {See Tri- 
ple superphosphate) 

Crops , composition of , 19-22 
Curacao phosphate deposits, 127-128 

Defluorinated phosphate rock, 390, 393- 
394 

Defluorinated superphosphate, 391-394 
Dental cements, 585-589 
phosphoric acid in, 585 
silicate phosphate cements, 588-589 
zinc phosphate cements, 586-588 
Detergents 
phosphate, 470-477 
soap saving, 470 
trisodium phosphate, 474r-477 
U.S. Patents pertaining thereto, 652-654 
Dicalcium phosphate, 346-347, 370-375, 
641 

manufacture of, 372-374 
U .S . Patents pertaining thereto, 641 
Drilling fluids 
functions of, 570 
ingredients of, 571 
phosphates in, 569-572 


Electric furnace for phosphorus, 141 

Electric precipitation, 142-143, 160 

Enamels and glazes, 584, 585 
England, phosphate deposits of, 120 
Esters of phosphoric acid, 486-505 
acid phosphate esters, 490-492 
industrial applications of, 492-493 
insecticides, 497-503 
neutral phosphate esters, 488-490 

trialkyl phosphates, 488-489 
triaryl phosphates, 489-490 
plasticizers, 492-497 
U.S. Patents pertaining thereto, 655- 
657 

Flame-Resistant phosphate products 
544-559, 673-674 * 

action of, 546 

fabrics, treatment of, 550-557 
flammability tests, 553-556 
legislative restrictions, 545 
market for, 556-557 
permanent flameproofing, 550-553 
temporary flameproofing, 547-549 
U.S. Patents pertaining thereto, 673- 
674 

water-soluble type, 549 
wood, treatment of, 557-558 
Florida phosphates, 44-71 
hard rock phosphate, 44-49 
mining, 45-46 
prospecting, 45 
reserves, 48 

washing and drying, 46-48 
pebble phosphate, 50-71 
concentration, 57-62 
drying, 67-68 
flotation, 65-67 
mining, 52, 54r-57 
prospecting, 52-54 
sizing, 61-62 
washing, 58-60 
Fluorine 

removal of, 228-229, 233-234 
role in phosphate rock, 36 
Fuels, comparative cost of, 150 

Glass, phosphate, 579-580, 672 
Granulation and conditioning, 639-641 
Grinding phosphate rock, 191, 245-254 
Bradley Pulverizer, 24^249 
fineness of product, 244, 246, 250, 252, 
253 

Hardinge ball mill, 249-250 
Kent Maxecon mill, 245-246 
Raymond mill, 250-254 
Sturtevant mill, 246 
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Guano, 33-35 
Gypsum 

crystallization of, 184r~186 
separation from phosphoric acid, 185- 
186 

Hydrochloric acid, 346-346, 606-607, 632- 
634 

concentration of, 606-607 
phosphate rock treated with, 345-346 
IJ.S. Patents pertaining thereto, 632- 
634 

Hydrofluoric acid, 349—350, 632-634 
phosphate rock treated with, 349-350 
U.S. Patents pertaining thereto, 632- 
634 

Insecticides, organic phosphate, 497-503 
Island phosphate deposits, 122-128 

Kentucky phosphates 104^106 

Leavening agents, 437-439," 450-452, 644- 
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